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“Go! Confront the problem! Fight! Win!”
— Edna Mode.

“Life is too important to be taken seriously”

— Oscar Wilde

“N'oublie jamais, celui qui croit savoir n'apprend plus.”
“Never forget, those who believe they know, learn no more”

— Pierre Bottero

“Juguemos a que el mundo no es como nos dicen; que el sol se mueve, que los
colores primatios no existen, y que los gases son liquidos”

“Let’s play that the world is not how we’ve been told; that the sun moves, that
primary colonrs don’t exist, and that gases are liguids”

— Fenomenoide, Expedicién Ciencia



ABSTRACT

Mitochondria ate organelles crucially involved in energy metabolism (hence the
“powerhouses of the cell”) and most other cellular processes. They accommodate the
second essential genome of the human cell: mitochondrial DNA (mtDNA). The integrity
and quantity of mitochondrial genomes, as well as the systems in charge of its maintenance,
have been associated with a wide variety of rare and common human diseases, as well as
ageing. The causes behind such striking diversity in presentation remain largely unknown
and an outstanding question for many fields of biology and medicine.

One of the most prolific models for mitochondrial dysfunction is the prematurely ageing
mtDNA Mutator mouse, carrying a defective mtDNA replicase that causes the accumulation
of point mutations in mtDNA. Prompted by the observation that the Mutator mouse
phenotype closely mimics that of other premature ageing models (typically related to nuclear
DNA damage), we investigated the cell cycle and nuclear integrity in a stem cell model and
its relationship with mtDNA replication. We discovered that, in addition to mtDNA
mutations, Mutator mice also present accelerated mtDNA replication and rewiring of
nucleotide metabolism. We developed the state-of-the-art methodology for deoxynucleotide
quantification to confirm this observation and found that deoxynucleotides are being
prioritised to mitochondria in stem cells, depriving nuclear replication of building blocks
and causing DNA damage in the nucleus. The data reframe the mtDNA Mutator model as
a secondary nuclear DNA instability model, unifying mouse premature ageing models under
the same proposed mechanism.

To further explore the aforementioned hypothesis and test recent reports on the beneficial
effects of boosting mtDNA, we crossed the mtDNA Mutator mice with mice
overexpressing the mtDNA helicase Twinkle, which further increased mtDNA replication
and amount. This resulted in an unexpected and fatal neonatal heart failure phenotype.
Characterising the mechanisms behind this pathology revealed intriguing effects in mtDNA
integrity and maintenance, as well as large-scale metabolic stress responses which appear to
disrupt normal heart development and maturation.

Altogether, the thesis provides new paradigms on the roles of mtDNA replication in
physiology. On one hand, its ability to influence cellular metabolism and threaten nuclear
DNA stability in progenitor/stem cells, causing premature ageing. On the othert, its role in
eatly life maturation, opening the door to novel discoveries on its relationship to heart
function, adaptation to oxygen, cell death signalling, and related human diseases.
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Introduction

1 INTRODUCTION

Due to their origins as free-living bacteria, mitochondria are the only cytosolic organelles in
the animal cell to contain DNA, in the form of small multi-copy circular genomes. The
recent decades have seen a rapid accumulation of knowledge concerning mitochondria,
mitochondrial DNA (mtDNA), and the effects of their malfunction, originating from
fundamental research on patients and laboratory models of mitochondrial dysfunction.
Nonetheless, a myriad of critical questions remains unresolved, particulatly regarding the
remarkable diversity of consequences of mitochondrial malfunction, and the exact
mechanisms that cause it. Answering these questions is crucial for our understanding of
physiology, and for the development of therapies to treat the constantly expanding collection
of mitochondria-related human diseases.

In this thesis, I discuss the current knowledge of mitochondria and mtDNA: their origins,
characteristics, replication and expression systems, and the consequences of their
dysfunction. Furthermore, I review some of the exciting novel therapeutic approaches for
mitochondrial dysfunction, their suitability, and their limitations. I will focus on aspects of
particular relevance for the present work but will refer to fantastic work and reviews on each
topic if you wish to read further.

Further on, I describe the projects and results obtained during my doctoral work and
published in peer-reviewed journals, as well as some unpublished data. While most of the
presented results are my personal contribution, science is a collaborative endeavour, and as
such the projects also include the critical work and expertise of many talented colleagues,
collaborators, and mentors. To recognise and acknowledge this, I will use the personal
pronoun “we” throughout the thesis.

We have explored the roles that mtDNA replication can play in the organism by
manipulating its homeostasis, beginning with the rewiring of metabolism leading to
premature ageing, and ending with the devastating consequences for neonatal hearts. The
discoveries provide novel insight and challenge some established paradigms in several fields,
with relevance that goes beyond mitochondrial research and into fundamental biology and
clinical medicine.

I hope that my writing can do justice to the fascinating and constantly surprising world that
is mitochondrial biology, and that you enjoy this voyage as much as I enjoyed charting it.



2 REVIEW OF THE LITERATURE

2.1 Mitochondria: Nature & Rise to Power

Invading Asgard

Just like any good story, the tale of mitochondria begins with a meal. In this case, a primitive
cell engulfing a free-living bacterium, some two thousand million years ago. Against all odds,
the larger cell did not digest the bacterium. Instead, the two organisms entered a symbiotic
relationship — an arrangement that likely gave rise to most complex life as we know it. This
widely accepted endosymbiotic theory (Sagan (neé¢ Margulis), 1967; Margulis, 1970) was
inspired by the unexpected discovery that mitochondria, just like bacteria, contain their own
circular genome named mitochondrial DNA (mtDNA) (Nass ¢z a/., 1965), alongside many
other bacteria-like qualities such as their expression systems and behaviour (Gray ef al,

1999).

Fifty years after this hypothesis, numerous aspects of this event have been uncovered at the
ends of the earth. The endosymbiont that gave rise to mitochondria has been meticulously
described to be an ancient a-proteobacterium, although its exact phylogenetic positioning is
still under debate (Gray e7 /., 1999; Martijn ef al., 2018). In contrast, the identity of the host
cell remained enigmatic until recently, when new species of archaea were discovered near
the hydrothermal vent named Loki’s Castle, deep in the Atlantic Ocean (Spang ef al., 2015).
Lokiarchaecota and other Norse-god-named relatives compose the proposed Asgard
superphylum, (Zaremba-Niedzwiedzka ez al, 2017), and present a striking genomic,
structural, and molecular similarity to eukaryotes. This makes Asgardarcheota our closest
known prokaryotic relatives.

Following the endosymbiotic event, both the host cell and mitochondria co-evolved greatly
into tightly regulated and efficient systems across all lineages of the Eukarya domain. Most
of the mitochondrial genetic material was transferred to the nucleus, keeping only a handful
of genes in mtDNA, and delegating the transcription and translation responsibilities to the
host cell. Nonetheless, mtDNA and its gene expression remain essential for most cells, and
mitochondria cannot be made de novo: every mitochondrion originates from a previous
mitochondrion (Lane & Martin, 2010).

When observing the genetics of mitochondrial proteins, yet another intruder in this story
was identified: viruses left their genomic mark too. Many of the key proteins involved in
mtDNA replication and maintenance, such as the mitochondrial DNA polymerase gamma,
the replicative helicase of mtDNA Twinkle, and the mitochondrial RNA polymerase appear
to share ancestry with T-odd phage proteins (Shutt & Gray, 2006). This relatedness shaped
their function and can also make them sensitive to anti-viral drugs, as e.g. DNA polymerase
gamma is known to be inhibited by antiretroviral drugs targeting HIV (Arnaudo ez a/, 1991;
Lim & Copeland, 2001). The infection providing these genes are presumed to have occurred
around the time of the endosymbiotic event, eatly in eukaryotic evolution (Shutt & Gray,
2006).

Supported by phylogenetic observations and bioenergetic calculations, it is likely that the
mitochondrial endosymbiotic event was the sole catalyst for the massive expansion in
structural and genomic complexity of eukaryotes. It allowed for the association between two
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genomes with independent evolutionary history and the development of bioenergetically
efficient membranes. Consequently, eukaryotes can now energetically afford the 200 000-
fold expansion of the expressed genome and develop the complex multicellular processes
that characterise macroscopic life as we know it (Lane & Martin, 2010). In addition, the
bacterial and viral nature of mitochondrial proteins has been critical to their entire evolution,
interaction with the host cell, and relevant to the fight against human disease.

Threads and granules

Mitochondrion (plural mitochondria) is a compound word originating from the Greek words
pitog (mitos), meaning “thread"; and yovdpiov (&hondrion), meaning "small granule". The
organelle was named at the end of the 19th century (Benda, 1898) with impressive accuracy,
as accumulating modern data display the highly dynamic shaping of these organelles in
response to cellular signalling and energetic demands (Collins e 4/, 2002; Wai & Langer,
2016). Mitochondria can be found as the independent bean-shaped granules we know from
textbooks, as a large network of interconnected threads, or anything in between (Figure 1B)
(Lewis & Lewis, 1915).

Heritage of their endocytotic origin, mitochondtia are composed of a double membrane,
each with distinct structures and functions. The outer mitochondrial membrane was
originally the barrier between the host cell and the endosymbiont. It functions as a semi-
permeable envelope for the movement of molecules and proteins and has evolved into a
communication platform for cell signalling (Chandel, 2015). The inner mitochondrial
membrane has undergone colossal changes since its time as a bacterial membrane,
developing the structurally intricate and dynamic system of invaginations known as cristae
(Figure 1A). The cristae host the machinery for mitochondrial respiration and ATP synthesis
and can modulate their density and surface according to cellular energetic demands

(Hackenbrock, 1966).

The two membranes also create two additional compartments isolated from the cell’s
cytosol. The mitochondrial matrix, enclosed by the inner membrane, is the compartment
where most metabolic reactions within mitochondria happen, as well as where the
mitochondrial genome is hosted. Between the two membranes is the inter-membrane space,
critical for the electrochemical and bioenergetic proprieties of mitochondria, as described
latet.

Mitochondrial networking

The mitochondrial network undergoes active and dynamic reshaping, and the multiple
functions of its fission and fusion events have been the spotlight of many recent discoveries
(Figure 1C). Like many findings in molecular biology, the machinery behind mitochondrial
dynamics was unveiled by fundamental research in yeast and human diseases where those
processes were affected. The proteins involved in mitochondrial fission and fusion are often
also involved in metabolic adaptations, response to stress, and regulation of mitochondrial
proliferation, distribution, and recycling, further emphasising the importance of
mitochondrial behaviour in cellular signalling (Labbé e a/, 2014; Pernas & Scorrano, 2016;
Wai & Langer, 2016; Kraus e/ al., 2021).

11
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Figure 1: Dynamic threads and granules. (A) Electron-micrograph of mouse cardiac mitochondria,
showing the invaginations of the inner membrane. (B) Immunofluorescent image of the mitochondrial
network of an osteosarcoma cell in culture, labelling the transporter of the outer membrane protein
TOM?20. (C) Graphical summary of the key processes involved in mitochondrial network dynamics.
Abbreviations: ER, endoplasmic reticulum; MDYV, mitochondria-derived vesicle; Lyso, lysosome.

Like most cellular structures, mitochondria are transported and positioned by the
cytoskeleton (De Vos e al., 2005; Hollenbeck & Saxton, 2005), and when mitochondria
approximate, they can fuse into a single entity (Meeusen e al, 2004). The outer
mitochondrial membrane contains dynamin-related proteins mitofusin 1 and 2, which can
complex with the opposite mitochondrion’s mitofusins and mediate the fusion of the
membranes (Santel & Fuller, 2001; Ishihara ez a/,, 2004; Koshiba et al., 2004; Song ez al., 2009).
The inner mitochondrial membrane is fused by the action of another dynamin-related
protein named OPA1 (Shepard & Yaffe, 1999; Wong ez al., 2000). OPA1 and its proteolytic
interactors form a complex regulatory system for inner membrane and cristae dynamics, able
to respond to many cellular and metabolic cues (Frezza ez al., 2006; Ehses ¢f al., 2009; Head
et al., 2009; Wai & Langer, 2010).

The process opposing fusion is mitochondrial fission. The main executioner of fission is
dynamin-related protein 1 (DRP1), a GTPase that oligomerizes around the outer membrane
and induces constriction and severing (Labrousse e al, 1999; Pitts ez al., 1999; Smirnova ez
al., 2001; Kamerkar ¢# a/., 2018). DRP1 requires membrane-anchored adaptors, including
MFF (Gandre-Babbe & Van Der Bliek, 2008), FIS1 (James ef a/., 2003), MiD49 and MiD51
(Palmer e al., 2011). The adaptors can independently and cooperatively recruit DRP1 to the
mitochondrial membrane and different adaptors seem to be implicated in different types of
fission: e.g. FIS1 is involved in degradation-related fission, while MFF associates with
proliferative fission events (Shen ¢ al.,, 2014; Helle e al., 2017; Kleele ¢f al., 2021; Kraus et al.,
2021).

Other organelles have been obsetved to patticipate in mitochondrial fission. Notably, the
endoplasmic reticulum wraps around the mitochondrion and constricts it, marking the sites
of fission (Friedman ez al, 2011). This event is also spatially coordinated with mtDNA
replication (Mutley ef al., 2013; Lewis 7 al., 2016), a feature conserved from yeast to human
which mimics the binary fission of bacteria. This mechanism would allow for the proper
segregation of mtDNA copies between mitochondria and highlights the critical role of
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mitochondrial dynamics in the segregation and inheritance of mtDNA (Nunnari ef al., 1997,
Labbé ez al., 2014; Jokinen ez al., 2016).

Other systems implicated in mitochondrial division include the cytoskeleton (Li ez a/, 2015),
Golgi-derived vesicles (Nagashima ef a/, 2020) and the lysosome (Wong et al, 2018).
Similarly to the DRP1 adaptors, the involvement of other organelles has been observed in a
context-specific manner: ER contacts are associated with mtDNA replication and MFF-
mediated proliferative division, while lysosomes with FIS1-mediated peripheral divisions
likely targeted to degradation (Shen e al., 2014; Lewis ¢t al., 2016; Kleele ez al., 2021).

The regulated degradation of mitochondria is closely linked to their dynamics. In addition
to local quality-control performed by mitochondrial proteases, some of which are also
involved in membrane dynamics (Deshwal ez a/, 2020), large-scale mitochondrial quality
control is thought to be performed by DRP1-mediated processes. On one hand, fragmented
damaged mitochondria can be wholly engulfed by autophagosomes, in a process known as
mitophagy (Youle & Narendra, 2011; Pickles ¢z a/., 2018). On the other hand, minor damage
can be sequestered and exported in mitochondria-derived vesicles directly to the lysosome
(Neuspiel ¢ al., 2008; Soubannier ez al., 2012; McLelland ez /., 2014; Sugiura ez al., 2014).

The interplay between mtDNA segregation, mitochondrial dynamics and organellar contacts
is a highly active field of research. The quick rise of novel technologies in genomics and
imaging enables the analysis and exploration of these mechanisms in real-time, with new
observations highlighting their complexity and generating further exciting questions and

unknowns.

2.2  The powerhouse and beyond

Famously known as the “powerhouse of the cell”, mitochondria are the major producers of
the biologically available cellular energy source, adenosine triphosphate (ATP), from the
oxidative degradation of nutrients (Mitchell, 1961). But considering them as simply a
powerhouse would unfairly disregard their key functions as metabolic and signalling hubs in
the cell. Mitochondria host many of the pathways required for building the cell, as well as
for intra- and intercellular communication and regulation.

The Metabolic Hub

One of the defining features of life is the ability to transform matter and energy from the
environment. A living cell is simply a highly intricate system of chemical reactions,
orchestrated to fulfil certain functions. This symphony of reactions is called metabolism and
mitochondria are at its core, both as the conductor and as a big shate of the orchestra (Cable
et al., 2021).

The cell uptakes many different molecules from the environment, such as carbohydrates,
amino acids, fatty acids and ketone bodies. To enter the series of oxidative reactions that
will fuel ATP synthesis in mitochondria, carbohydrates and amino acids are partially oxidised
in the cytoplasm, amino acids are also deaminated in mitochondria, and fatty acids are
transported through the carnitine shuttle system to enter mitochondrial B-oxidation, all
eventually resulting in acetyl-coenzyme A (acetyl-CoA) or other useful intermediates (Nelson

& Cox, 2017).

Acetyl-CoA is the canonical fuel for the tricarboxylic acid cycle (TCA) in mitochondria
(Szent-Gyorgyi, 1928; Krebs & Johnson, 1937), a series of reactions capable of efficiently
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reducing the co-factors NAD™ and FAD" into NADH and FADH: respectively, and re-
generating the original molecule (oxaloacetate) for condensation with a new acetyl-CoA. The
TCA cycle is a central pathway in the cell, not only for catabolism but also as the source of
carbon backbones for the biosynthesis of amino acids, nucleotides and other structural and
signalling molecules. This also means that acetyl-CoA is not the sole “entry” to the cycle,
but rather there is a constant dynamic exchange of metabolites. The TCA cycle is considered
one of the most fundamental components of life, and evidence even places it at the origin
of life itself. Several TCA cycle intermediates have been detected in meteorites completely
devoid of life (Cooper ¢z al., 2011), proposing the fascinating possibility that some of these
reactions occur inorganically and life simply optimised or was wholly built around them.

The Respiratory Chain

The reduced cofactors NADH and FADH: originate from the TCA cycle and other redox
reactions (such as B-oxidation) and carry electrons to feed one of the most sophisticated
systems in the eukaryotic cell: the respiratory chain.

Hundreds of protein subunits, assembly factors and cofactors are required for the correct
formation of the five canonical respiratory complexes embedded in the inner mitochondrial
membrane, efficiently named complex I, II, III, IV and V (Hatefi ez a/, 1962; Ziegler &
Doeg, 1962; Orme Johnson ¢# al., 1974). The conformation of the complexes has additional
roles: Complex V physically bends the membrane to form the cristae invaginations
(Paumard, 2002; Blum e 4/, 2019) and multiple complexes can assemble into different
configurations of supercomplexes to regulate their efficiency and respond to stress (Schigger
& Pfeiffer, 2000; Letts ¢ al., 2016).

In an oversimplification of the respiratory chain’s function (or oxidative phosphorylation;
OXPHOS), the oxidation of NADH and FADHo (by complex I and II respectively) results
in the transfer of electrons to the ubiquinone pool and subsequently across complexes 111
and IV, the latter catalysing the reduction of an oxygen molecule into two molecules of
water. These electron transfers provide the energy for complexes I, III and IV to pump
protons from the mitochondrial matrix into the intermembrane space, generating a strong
gradient or membrane potential. The final complex V, named ATP synthase, acts as an ion
channel allowing those protons to flow back into the matrix, and exploits that flow in a
process reminiscent of a watermill to produce phosphorylate adenosine diphosphate into
ATP  (Mitchell, 1961; Mitchell & Moyle, 1967). ATP production by oxidative
phosphorylation is highly efficient, producing an average of 36 molecules of ATP per
molecule of glucose (in contrast to anaerobic energy production only yielding 2 net ATP
molecules). This efficiency is both causal and required by multicellular life, as a human
consumes approximately their body weight in ATP daily (Nelson & Cox, 2017).

In addition to ATP generation, oxidative phosphorylation is connected to other cell
processes. The proton gradient is harnessed by protein translocation across the membrane
(Neupert & Herrmann, 2007) and the leakage of protons back into mitochondria (or
uncoupling) drives thermogenesis (Chouchani ez a/., 2019), with a recent report proposing
the physiological temperature of mitochondria to be as high as 50°C (Chrétien e# al., 2018).
Some metabolic reactions also interact and require respiratory chain function and the
ubiquinone pool, such as the oxidations of pyrimidine precursor dihydroorotate, proline,

glycerol-3-phosphate and fatty acids undergoing B-oxidation (Raimondi ez a/., 2020).
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From invader to overlord

Despite millions of years of co-evolution, mitochondria retained much of their non-
eukaryotic nature, producing molecules and structures that the rest of the cell would
recognise as foreign. This feature is at the centre of many signalling cascades and their
relationship to the host cell (Chandel, 2015).

The best-known case occurs during intrinsic apoptosis: the permeabilization of the
mitochondrial membrane and the release of cytochrome c (part of the respiratory chain) are
the triggering factors for the pathway leading to the programmed death of the cell (Li ¢z a/,
1997). Other regulated cell death processes have also been linked to mitochondria-derived
effectors, such as necroptosis, pyroptosis and most notably ferroptosis, described in a later
section. (Bock & Tait, 2020).

Mitochondsria also store and release signalling molecules such as calcium (Duchen, 2000),
iron (Rouault & Tong, 2005), reactive oxygen species (ROS) (Chandel e 4/, 1998; Hamanaka
& Chandel, 2010; Himilidinen ¢ al., 2015), short peptides (Hashimoto ez a/., 2001; Lee et al.,
2015), and the metabolites required for protein post-translational modifications and the
epigenetic regulation of the nuclear genome (Anderson & Hirschey, 2012; Matilainen ¢f a/.,
2017; Gut ez al., 2020). Furthermore, mitochondria can physically and metabolically compete
with other intracellular parasites (e.g. toxoplasma), hampering their growth and thus
protecting cellular homeostasis (Pernas ez al, 2018).

Nucleic acids atre also released from mitochondria in situations of stress. Mitochondtia-
derived DNA and RNA are recognised as foreign and can elicit a wide variety of immune
reactions from the cell and organism involving interferon responses and innate immunity
(Collins et al., 2004; West ez al., 2015; Riley & Tait, 2020).

The Iron Maiden

Iron is the most common element on earth by mass and an essential metal for most known
living organisms. Its biological usefulness lies in its ability to shift between two
thermodynamically stable states in physiological conditions, namely the ferrous ion (Fe*,
electron donor) and ferric ion (Fe™*, electron acceptor). This is exploited by many enzymes
to catalyse electron transfer (redox) reactions, using iron in the form of cofactors such as
iron-sulphur clusters (Fe-S) and heme groups (Anderson & Vulpe, 2009). Most of the iron
in the human body is utilised for oxygen transport by heme-containing proteins (i.e.,
haemoglobin and myoglobin). Iron is also a critical component of the respiratory chain
complexes, which contain many Fe-S clusters and heme groups to accomplish their electron
transport function.

Iron enters the cell bound to diferric transferrin and is endocytosed via the transferrin
receptors or GAPDH (Harding ef al., 1983; lacopetta & Morgan, 1983; Kumar ef a/., 2012).
Iron is then reduced into soluble Fe*" inside endosomes, transported into the cytoplasm
(free Fe** can also cross the plasma membrane through similar transporters) and eventually
stored by ferritins (Anderson & Vulpe, 2009). Cellular iron is almost exclusively found
chaperoned or chelated, as free iron is highly reactive. Mitochondria are central players in
iron metabolism, both as major users and sites of Fe-S cluster and heme group assembly.
Iron enters the mitochondria through mitoferrins (Shaw ef a/., 2006) and is stored by a local
ferritin pool (Levi ez al., 2001).
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Fe-S clusters are considered relics of ancient metabolism and remain the catalytic core of
many enzymatic reactions. They are assembled inside mitochondria in eukaryotic cells, an
apparently essential feature: even unicellular organisms that have lost mitochondria during
evolution have kept “mitosomes” where Fe-S are built (Tovar e a/., 2003; Stehling & Lill,
2013). Furthermore, defects in frataxin, a protein involved in this pathway, can lead to a
neurodegenerative mitochondrial disease known as Friedreich's ataxia (Campuzano ez al,

1996).

Heme biosynthesis on the other hand starts and ends in mitochondria: the first and rate-
limiting step entails the condensation of succinyl-CoA and glycine by the aminolevulinic acid
synthase (ALAS) into delta-aminolevulinic acid, which is then exported into the cytoplasm
to join the multi-step pathway into coproporphyrinogen III. The product is then imported
back to mitochondria to be oxidised and finally become heme by chelating Fe®* via the
mitochondrial ferrochelatase. The mechanism of heme export to the cytosol remains
unknown (Ajioka ez al., 2006)

Iron handling is as useful as it is risky for the cell. Free Fe*" is spontaneously oxidised into
the insoluble and biologically inactive Fe’* (Fenton, 1894). Alongside the loss of bioavailable
iron, the aforementioned Fenton and Fenton-like reactions produce hydroxyl and
hydroperoxyl radicals as products (Fenton, 1894; Haber & Weiss, 1932), which are reactive
oxygen species greatly damaging for cellular homeostasis. For instance, ROS can trigger lipid
radical chain reactions, auto-amplifying processes that unless regulated can cause complete
membrane destruction (Reis & Spickett, 2012).

When the accumulation of lipid peroxides fatally exceeds the cellular antioxidant capacity, a
form of iron-dependent regulated cell death known as ferroptosis occurs (Dixon ef al., 2012).
Ferroptosis is different in mechanism from other forms of programmed cell death and has
been recently associated with a wide range of pathological processes (Cao & Dixon, 2016;
Jiang et al., 2021). As the major site of ROS production and iron handling, mitochondtia
actively participate in ferroptotic signalling from many fronts, hosting both driving and
inhibitory pathways and possibly also acting as a primary trigger (Battaglia ez 2/, 2020; Wang
et al., 2020).

2.3  Sneaky Little Genomes

Mitochondrial DNA

Deoxyribonucleic acid (DNA) is the double-helical molecule that carries the inheritable
genetic instructions of life (Hershey & Chase, 1952; Franklin & Gosling, 1953). Many basic
biology lectures would state that DNA is contained in the nucleus of the eukaryotic cell, but
this is factually wrong. Approximately 99% of human DNA is indeed in the form of massive
linear DNA molecules called chromosomes in the nucleus, but that ~1% left is instead inside
mitochondria. Reminiscent of their bacterial origins, mitochondrial DNA (mtDNA) are
circular molecules and are present in many copies within each cell and mitochondrion (Nass
& Nass, 1963; Nass, 1966). Human mtDNA is 16,569 base pairs long and encodes for 13
proteins (all of which are subunits of respiratory chain complexes), as well as the RNA
required for mitochondrial gene expression: 2 ribosomal RNAs and 22 transfer RNAs
(Anderson ez al., 1981; Bibb ez al., 1981). The two mtDNA strands are referred to as heavy
and light strands, with the heavy one being particularly GC-rich and containing most of the
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genes. Most of the regulatory elements for transcription and translation are contained within
a long non-coding region known as the displacement loop (D-loop) (Falkenberg, 2018).

MtDNA is tightly packed into protein complexes called nucleoids (Bereiter-Hahn & Véth,
1998; Jacobs ef al., 2000; Spelbrink e al., 2001). Super-resolution microscopy techniques (e.g.
STED, PALM) measure nucleoids at around 80 nm in diameter and slightly ellipsoidal, with
each human nucleoid containing an average of 1.4 mtDNA copies each in cell culture
(Brown et al., 2011; Kukat e# al., 2011; Bonekamp & Larsson, 2018). The degree of packaging
of the nucleoid regulates their accessibility, replicative and transcriptional activity and half-
life (Ekstrand ez al, 2004; Farge et al., 2014; Briser ¢ al., 2021). The nucleoid is associated
with the inner mitochondrial membrane in a manner partially dependent on its replication
machinery (Nass, 1969; Rajala ¢z al, 2014).

M{DNA replication and maintenance

MtDNA is replicated independently of the cell cycle (Clayton, 1982), utilising a distinct
machinery from that in charge of nuclear DNA replication. All enzymes involved in mtDNA
maintenance are encoded in the nucleus and imported into mitochondria, and the removal
of any of them leads to severe mtDNA depletion and embryonic lethality in mice (Tyynismaa
& Suomalainen, 2010).

The minimal set of proteins required for mtDNA replication 7 vifro includes both subunits
of DNA polymerase gamma, Twinkle helicase and the mitochondrial single-strand binding
proteins (Korhonen ez al, 2004). Many other proteins are also essential for the regulation
and maintenance of mtDNA, as well as other polymerases (e.g. PrimPol and other nuclear
polymerases) which appear to be required in DNA stress conditions (Stojkovic ¢z a/., 2016;
Krasich & Copeland, 2017; Totregrosa-Mufiumer e# al., 2017).
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Figure 2: The evolving central dogma of mitochondrial gene expression. (A) Nucleoid, containing
mtDNA coiled by TFAM binding as well as other nuclear-encoded mtDNA maintenance proteins. On
top, the minimal mtDNA replication machinery: DNA polymerase gamma (POLG), Twinkle helicase
and mitochondria single-sttanded DNA binding proteins (SSBP1). Below, POLRMT-mediated
transcription of long polycistronic mtRNA. (B) Maturation (excision, post-transcriptional modifications
and degradation) of mtRNA in the mitochondrial RNA granule, resulting in mature mRNA and tRNA,
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as well as fRNA partially assembled with nuclear-encoded ribosomal subunits. (C) Translation of
mitochondrial mRNAs by the mitoribosome at the inner membrane, coupled with the insertion and
folding of the polypeptides into the inner membrane, to be joined by nuclear-encoded subunits and
assembled into respiratory chain complexes.

DNA polymerase gamma is the mtDNA replicase, a heterotrimer including a large
catalytic subunit (POLG1) and two accessory subunits that function as processivity factors
(POLG2) (Wernette & Kaguni, 1986; Gray & Tai Wai Wong, 1992; Lim e a/., 1999; Kaguni,
2004). The functional holocomplex is henceforth referred to as POLG. Besides replication,
POLG also exhibits 3’-5’ exonuclease and 5- deoxyribose phosphate lyase activities,
enabling proofreading, DNA repair and degradation functions (Fridlender ¢z 4/, 1972; Olson
& Kaguni, 1992; Longley ¢z al., 1998; Kaguni, 2004; Martin & Wood, 2019). Recent reports
implicate POLG - particularly its exonuclease domain - in the rapid degradation of linear
mtDNA fragments upon double-strand breaks (Nissanka ¢z a/., 2018; Peeva ez al., 2018) and
of the whole mtDNA during nucleotide starvation in yeast (Medeiros e7 a/, 2018).

POLG has notably high fidelity, with an etror frequency of around 2x10° per nucleotide (or
one mutation every 18 human mtDNA molecules) (Johnson & Johnson, 2001), while even
the most accurate nuclear polymerases (polymerase € and polymerase 8) present error rates
in the 10° range (Korona ef al, 2011). Misincorporation decreases POLG polymerisation
speed in the thousand-fold range with the notable exception of G:T base formation, which
is only 38 times slower than the canonical A:T pairing (Johnson & Johnson, 2001) and thus
the most likely misincorporation to occur.

Twinkle is the homo-hexameric protein complex that unwinds double-stranded mtDNA
for replication in the 5’-3” direction (Korhonen e# al., 2003; Ziebarth e al., 2007). Its highly
consetved sequence is evolutionarily related to the T7 bacteriophage primase/helicase
T7gp4, consistent with the viral origins of many mtDNA maintenance proteins (Spelbrink
et al., 2001; Ziebarth ez al., 2007).

Encoded by the TWNK gene (formerly C700rf2 or PEOT), Twinkle is essential for mtDNA
replication and maintenance. It receives its peculiar name from the “starry night” appearance
of its immunofluorescent visualisation (Spelbrink ez a/, 2001), forming nucleoid-like
structures firmly associated with the inner membrane even in the absence of mtDNA (Rajala
et al., 2014). Twinkle amounts can directly modulate mtDNA copy number in cells and
tissues, suggesting it as a licensing factor for mtDNA replication (Tyynismaa e# af., 2004;
Ylikallio et al., 2010).

The other member of the minimal replisome is SSBP1, which binds single-stranded mtDNA
and protects it during replication, enhancing Twinkle and therefore replisome processivity
(Tiranti ef al., 1995; Korhonen e# al., 2003).

TFAM (Transcription factor A mitochondrial) is the only other protein known to directly
modulate mtDNA amount, as well as the most abundant protein in the nucleoid. In addition
to its function as a transcription factor for mtDNA (Fisher ez a/, 1992), TFAM can wrap
and U-bend mtDNA, tightly packaging it as a nucleoid and thus protecting it from external
damage (Ngo ef al.,, 2011; Rubio-Cosials e 4/, 2011). TFAM amounts often correlate with
mtDNA amounts, as TFAM availability affects mtDNA accessibility and half-life. (Larsson
et al., 1998; Ekstrand ez al., 2004; Ylikallio ez al., 2010).
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miDNA replication models

Despite the small size and relative simplicity of the mitochondrial genome, the specifics of
its replication have been a subject of heated debate for half a century. MtDNA replication
is thought to occur asymmetrically (Robbetrson ef al, 1972; Clayton, 1982) and start on
dedicated origins for each strand: heavy and light strand origins (Ox and Ov. respectively)
(Falkenberg, 2018). Unlike in their bacterial relatives which use a dedicated primase,
mammalian mtDNA replication requires POLRMT for primer synthesis (Xu & Clayton,
1996; Wanrooij ez al., 2008).

The conventional paradigm for mtDNA replication today is termed the strand-displacement
model. It proposes that replication begins at On and proceeds through the heavy strand until
Oy, with the light strand protected by SSBP1 binding. When replication reaches Oy, it forms
a stem-loop structure that recruits POLRMT, and thus starts the replication of the single-
stranded light strand (Fusté ez a/, 2010). Once the two strands are completed, they are
resolved by mitochondrial nucleases for segregation (Macao e# al., 2015; Nicholls ez al., 2018).
An alternative model, the so-called RITOLS model (RNA incorporated throughout the
lagging strand) is similar in principle to the strand-displacement model, only differing in the
protection of the single-stranded light strand by RNA fragments which are eventually
replaced (Yasukawa ef a/., 2006). A third model has been suggested to involve symmetrical
and two-directional strand-coupled replication (Holt ez 4/, 2000). The presence of evidence
for all these models may be explained by their co-existence and occurrence in different cell
types and under various conditions or stressors. In addition, double-stranded mtDNA
replication intermediates exist and are predominant under replication stress (Torregrosa-
Mufiumer e al, 2019), and complex multi-stranded replication intermediates have been
identified in e.g. human hearts (but not rodent hearts) (Pohjoismiki ez a/, 2010, 2013b), all
suggesting that the human mtDNA replication and resolution system may be yet more
intricate than expected.

Mitochondrial Gene expression
Unlike the virus-derived machinery involved in replication, mtDNA gene expression shares
features with its bacterial relatives, together with some fascinatingly unique quirks.

MtDNA is heavily packed, and transcription is quite different to that of the nuclear genome:
genes have no introns and are transcribed as two long polycistronic strands. They are then
processed post-transcriptionally, and the resulting mRNAs lack untranslated regions,
modified bases and caps (Pearce ¢z al, 2017).

Mitochondrial transcription can be reconstituted 7 vitro by three key components: two
transcription factors (TFAM and TFB2M) and the mitochondrial RNA polymerase
(POLRMT) (Falkenberg ez al, 2002). Transcription initiates at the heavy- and light-strand
promoters in the non-coding region of mtDNA (Chang & Clayton, 1984). The two resulting
polycistronic RNAs are then cleaved, modified and folded into messenger, ribosomal and
transfer RNAs (Hallberg & Latsson, 2014; Suomalainen & Battersby, 2018).

Mitochondsrial nucleoids can undergo replication and transcription simultaneously (Briiser e
al., 2021), and mitochondrial RNA (mtRNA) also appears to cluster in discrete structures
termed mitochondrial RNA granules (MRGs). These granules behave like fluid condensates
(Rey et al., 2020) and are often located next to the nucleoids, regulating the availability,
maturation and translation of mtRNA (Jourdain ef a/., 2010).
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Like bacterial translation, mitochondrial translation initiates with a formylated methionine,
and each three-nucleotide codon is read by the ribosome as “start”, “stop” or an amino acid.
A crucial difference lies in the genetic code: the rules of what each codon corresponds to in
the sequence. Mitochondria are one of the extremely rare exceptions to the “universal

genetic code” that rules most of life (Nelson & Cox, 2017; Pearce ef al., 2017).

The amino acids used as building blocks for proteins are conveyed by mitochondrial tRNAs
and condensed into a polypeptide in the ribosome, in a process known as translation.
Mitochondrial translation occurs at the inner mitochondrial membrane simultaneously to
membrane insertion and folding of the nascent protein (Itoh ¢ a/., 2021). Aided by an army
of chaperones and quality control machinery, this unique process allows for the highly
hydrophobic components of the respiratory chain to be correctly and safely introduced into
the mitochondrial membrane (Hillberg & Larsson, 2014; Suomalainen & Battersby, 2018).

2.4  Mitochondrial dysfunction

Since the discovery of mitochondsria, the list of physiological and pathological processes
associated with their function and dysfunction has unceasingly increased. From disorders
caused by primary mitochondrial dysfunction (mitochondrial diseases) to common diseases
with strong mitochondrial involvement such as Parkinson’s disease, diabetes, cancer, obesity
and even normal ageing; mitochondria continue to be in the spotlight for novel research and
therapeutic interest (McBride ez a/., 2006; Nunnari & Suomalainen, 2012; Gorman ez a/., 2016;
Russell ez al., 2020)

Mitochondrial diseases

Mitochondsrial diseases ate a heterogeneous group of genetic disorders characterised by the
malfunction of mitochondria. Even though mitochondria are essential for almost all cells in
the human body, their dysfunction can lead to vastly different clinical presentations. Each
defect has its own constellation of tissues affected, ages of onset and severity; and the reason
behind this diversity remains largely unknown (Gorman ef al., 2016).

Mitochondsrial diseases can arise from defects in either genome (nuclear or mitochondrial)
and follow any inheritance pattern. MtDNA defects are maternally inherited or sporadic,
with rare occurrences of paternal influence (Luo e @/, 2018), and nuclear gene defects can
be autosomal dominant, autosomal recessive, X-linked or e novo. The genes that cause
mitochondrial disease are those that directly or indirectly affect the mitochondrial functions:
mtDNA maintenance and integrity, transcription, translation, import and assembly of
mitochondrial proteins and complexes, mitochondrial dynamics and turnover, and even
metabolic enzymes involved in fuelling mitochondrial processes such as mtDNA replication
(Nunnari & Suomalainen, 2012; Ylikallio & Suomalainen, 2012; Gorman e# a/., 2016; Russell
et al., 2020).

MtDNA maintenance disorders

As described in section 2.3, mtDNA maintenance involves many nuclear-encoded proteins.
The malfunction of these often leads to damage in mtDNA (e.g., deletions and
rearrangements) or its depletion by instability, increased turnover, or inability to replicate.
As a result, mtDNA maintenance disorders are some of the most common causes of
mitochondrial disease, and some of the most diverse in presentation.

20



Review of the Literature

Among the first mtDNA maintenance diseases reported is PEO (progressive external
ophthalmoplegia), a late-onset progressive myopathy associated with mtDNA deletions
(Moraes ¢t al., 1989; Zeviani et al., 1989), later shown to also affect the heart and the brain
(Suomalainen ez al., 1992). Interestingly, the disease-causing defect was later mapped to three
different proteins crucial for mtDNA maintenance: twinkle helicase (Suomalainen ez al,
1995; Spelbrink e al., 2001), the adenine nucleotide translocator ANT1 (KKaukonen ef 4/,
1999, 2000) and DNA polymerase gamma (Van Goethem ef al., 2001).

The genetic background of PEO and other mtDNA maintenance diseases has expanded,
but the original reports nicely exemplify the main disease-causing groups of genes: proteins
directly involved in mtDNA replication, developed below, and enzymes affecting the
mitochondrial deoxynucleoside triphosphate (ANTP) pool, described in a later section.

Mutations in the POLGT gene are the most common cause of mtDNA maintenance disease
and typically cause neurological disorders. They have been associated with late-onset
autosomal dominant or recessive forms of PEO (Van Goethem ¢# a/., 2001), a childhood-
onset mtDNA depletion syndrome affecting liver and brain known as Alpers-Huttenlocher
syndrome (Naviaux & Nguyen, 2004), and ataxia-neuropathies such as the mitochondrial
recessive ataxia syndrome (MIRAS) (Hakonen ez 4/, 2005). Parkinsonism and early
menopause have also been associated with POLG defects (Luoma ez a/., 2004).

The diverse presentation of POLG disorders achieved another level of complexity with the
discovery that patients with identical MIRAS mutations may present remarkably different
diseases, ranging from adolescent-onset ataxia with seizures to milder adult neuropathy
(Rantamiki ez a/, 2001; Hakonen ez al., 2005; Winterthun ez a/., 2005). Consistent with its
often neurological presentation, POLG transcription is regulated by a central nervous system
-specific genomic region (Nikkanen ez a/, 2018) driving POLG expression to specific neural
populations, and co-expressed with a mictcoRNA (Mir-9-3). The complex regulation of
POLG together with the involvement of Mir-9 in stem cell maintenance and metabolic
rewiring (Bonev ¢# al., 2012; Selcuklu 7 al., 2012; Coolen ¢f al., 2013) could indicate neural-
and stem cell-specific vulnerabilities for POLG defects and provide insight into the causes
for POLG tissue-specificity.

Twinkle is another underlying cause of several different diseases. That includes autosomal
dominant PEO (Suomalainen ef 4/, 1995), Alpers-Huttenlocher syndrome (Hakonen ¢7 al,
2007), Perrault syndrome (Morino ef al., 2014) and infantile-onset spinocerebellar ataxia
(IOSCA) (Nikali ez al., 2005; Hakonen ef al., 2008).

2.5 Building blocks and Currency

Nucleotide Metabolism

Nucleotides are multifaceted biomolecules by excellence. They are the energy currency of a
myriad of enzymatic reactions, key players in almost all cell signalling cascades and, if that
was not enough, they are the literal building blocks of all genetic material in the cell (Nelson
& Cox, 2017). Deoxynucleoside 5° triphosphates (dANTPs) ate the reduced and activated
nucleotides destined for DNA synthesis, providing both the carbon skeleton and the
chemical energy for polymerisation (Reichard, 1988; Mathews, 2006). In animal cells, IN'TPs
can be either synthesised de #ovo from amino acids and other simple metabolites and then
reduced by the ribonucleotide reductase (Thelander & Reichard, 1979; Nordlund &
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Reichard, 20006), or recycled from other intermediates and degradation products by the
cytosolic or mitochondrial salvage pathways (Wang, 2010).

The concentration and the relative balance of dNTPs have been long known to be critical
for cellular genetic and metabolic homeostasis: they directly modulate nuclear DNA
replication and fidelity, further influencing DNA repair and genome integrity, cell cycle
regulation, oncogenesis, viral infection and many other vital cell processes (Reichard, 1988;
Chabes e¢# al., 2003; Wheeler ¢z al., 2005; Mathews, 2014).

Reflecting the wide diversity of roles nucleotides play in the cell, defects in nucleotide
metabolism enzymes associate with many different developmental, metabolic, neurological,
and immunological diseases (Nyhan, 2005). They can also cause secondary metabolic
deficiencies due to their role as co-factors, e.g. guanine-derived tetrahydrobiopterin is
required for dopamine synthesis, making dopaminergic neurons susceptible to guanine
metabolic defects and causing dystonia-tremor diseases (Lesch & Nyhan, 1964; Ichinose e
al., 1994; Géttle ez al., 2014; Kuukasjirvi, Landoni ez /., 2021).

Nucleotides in mitochondrial disease

The importance of nucleotide metabolism for the mitochondrial genome was also largely
unveiled by investigating the genetics of human disease. A defectin the cytosolic degradation
enzyme thymidine phosphorylase was discovered to cause mitochondrial
neurogastrointestinal encephalomyopathy (MNGIE), a multi-organ mitochondrial disease
characterised by dT'TP accumulation, dNTP imbalance and mtDNA depletion and deletions
(Nishino ez al., 1999; Lopez et al., 2009). It soon became evident that mtDNA synthesis is
the critical consumer of dN'TPs in post-mitotic cells, and so defects in the pathways fuelling
mtDNA replication post-mitotically cause mtDNA depletion and mitochondrial disease.
The mitochondrial salvage pathway proteins thymidine kinase 2 (TK2) and deoxyguanosine
kinase (DGUOK) cause recessive myopathic and hepatocerebellar mtDNA depletion
syndromes respectively (Mandel ¢z a/, 2001; Saada ez al, 2001; Galbiati e a/., 20006), with
deoxythymidylate kinase recently being reported as a likely new member of the group (Lam
et al., 2019). The small subunit of the ribonucleotide reductase expressed in post-mitotic cells
RRM2B also causes severe multi-organ mtDNA depletion syndrome (Bourdon ez a/., 2007),
highlighting the importance of de novo ANTP synthesis to mtDNA maintenance. TK2 and
RRM2B defects have also been linked to other mitochondrial diseases such as juvenile
MNGIE (Shaibani ez 4/, 2009) and PEO (Tyynismaa ¢t a/., 2009, 2012). A few other genes
have been associated with mtDNA depletion syndrome, most of which are consistently
directly or indirectly involved in nucleotide metabolism and transport (Elpeleg ez /., 2005;
Spinazzola ez al., 2006; Ylikallio & Suomalainen, 2012; Besse ¢# a/., 2015; Thompson e# al.,
2016; Viscomi & Zeviani, 2017).

Measuring dNTPs

Unravelling the importance of dNTP balance required the ability to measure them, a
historically challenging endeavour. The cellular concentration of dANTPs is especially low,
and the amount of biological material for molecular research is often limiting. In addition,
dNTP concentrations vary enormously between cell types, cell cycle stage and subcellular
compartment; and are orders of magnitude lower than the concentration of other similar
nucleosides (Shewach, 1992; Gandhi & Samuels, 2011; Wheeler & Mathews, 2011; Pancsa
et al., 2022).
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Methodologies using High-Performance Liquid Chromatography (HPLC) followed by
ultraviolet or mass spectrometry detection have been used in the past (Decosterd et al., 1999;
Di Pierro et al.,, 1995), as well as boronate chromatography and gradient HPLC with an
anion-exchange column to separate and avoid the interference of excess ribonucleotides
(Shewach, 1992). While the HPLC method is robust, its use in biomedical research has been
encumbered by the large amounts of material required for its performance, often
incompatible with minute biological samples or experiments requiring subcellular
fractionation.

As it often occurs in molecular biology, human-made tools can rarely compete with millions
of years of evolutionary optimisation. So, if one aims to differentiate ANTPs from excess
ribonucleosides, DNA polymerases are highly proficient for precisely that job. The modern
state-of-the-art dN'TP quantitation relies on the accuracy of a DNA polymerase to
incorporate dNTPs into DNA templates and the quantification of the product. Before the
availability of synthetic oligonucleotides, the assay used DNA polymers isolated from calf
thymus and the Klenow fragment of the E. w/ polymerase 1 as an enzyme (Solter &
Handschumacher, 1969). As expected, the possibility of designing synthetic DNA sequences
drastically improved the accuracy and sensitivity of the method (Sherman & Fyfe, 1989),
along with the use of high-fidelity thermostable polymerases to further reduce NTP
misincorporation (Ferraro ez al., 2010).

Modern oligonucleotide templates ensure the proportional enzymatic incorporation of a
specific ANTP to be measured and a radioactive dN'TP in excess (tritium-labelled dATP or
dTTP). The resulting radioactive signal can be compared to a standard curve of known
dNTP concentrations, extrapolating the exact dNTP amount in the sample. Further
improvements have focused on the optimisation of the template sequences and polymerase
reaction components, as well as adapting the extraction method to different cells, tissues and
subcellular compartments Marti ¢f af., 2012).

2.6  Ageing & progeroid syndromes

Ageing is one of those concepts which are known to all yet notoriously hatrd to specifically
define. The passage of time leads to the structural and functional decline in a living organism,
causing its eventual death. This decline is a consequence of the gradual accumulation of
damage at all levels, molecular to organismal, and typically burdens the capacity of the
organism to adapt to its environment and increases its likelihood to die. Ageing is
characterised by cellular and molecular hallmarks (e.g. genomic instability, stem cell attrition,
defective nutrient sensing, cellular senescence) as well as the macroscopic characteristics we
can all recognise (hair greying, skin wrinkling, muscle and bone wearying, decreased
cognitive abilities and higher risk for cancer and other diseases) (Lopez-Otin ez al., 2013).

Progeria and progeroid syndromes are rare disorders that mimic the clinical features of
physiological ageing, but in an accelerated fashion, first described already over 130 years ago
(Hutchinson, 1886; Gilford, 1904; Catrero ef al., 2016). Genetics and mouse models have
been valuable to shed light on the molecular background of premature ageing and highlight
its shared molecular features and potential relevance to normal ageing (Gordon ez al., 2014).
A common mechanism for premature ageing is compromised nuclear DNA, either by
defects in DNA repair machinery or nuclear architecture (Carrero e af., 2016). This threat
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critically affects somatic stem cell maintenance and leads to a collection of symptoms that
bear a striking similarity to those of normal ageing.

While the vast majority of premature ageing models follow the abovementioned mechanism
there is a notable outlier, which involves mitochondrial DNA.

The Mitochondrial Theory of Ageing arose from the observation that mtDNA
mutations accumulate during ageing, proposing a mechanism whereby the slow generation
of mtDNA mutations through time would cause progressive defects in mitochondrial
respiratory chain function, in turn increasing ROS production (Harman, 1972). ROS would
then provoke oxidative tissue deterioration and further mtDNA damage, resulting in a
vicious cycle underlying ageing-related degeneration.

To test this model, two separate groups simultaneously generated the m{DNA Mutator
D257A
)

mouse, carrying a D257A amino acid change in murine POLG (Polg (Trifunovic ez al.,
2004; Kujoth ez al., 2005). This change inactivates the exonuclease domain which is required
for proofreading misincorporations during replication as well as other maintenance

functions (See section DNA Polymerase Gamma).

The mice present mtDNA mutation accumulation in tissues but develop normally. They
show the first signs of premature ageing after 6 months and die at around 13-15 months of
age due to severe anaemia (~50% of the lifespan of a healthy mouse of the same inbred
line). Other symptoms include many hallmarks of ageing: hair greying, reduced
subcutaneous fat, osteoporosis, kyphosis, and sarcopenia. Most symptoms are exclusive to
Polg*™ homozygotes, since a single wildtype POLG copy appeats to be sufficient to
maintain low mutagenesis and perform other functions (Trifunovic ez a/., 2004; Kujoth ¢t al.,
2005; Szczepanowska & Trifunovic, 2015).

Similar to other ageing and progeroid models, Mutator mice present defects in the somatic
stem cell compartment with neural, spermatogonial and hematopoietic stem cells particularly
affected (Chen ef a/, 2009; Norddahl e al., 2011; Ahlqvist e al., 2012, 2015a; Wahlestedt ez
al., 2014), with a general loss of stemness and cell-specific differentiation defects such as
defective iron loading during erythroid differentiation (Ahlqvist ef a/., 2015a). Mutator stem
cells have been shown to be especially sensitive to redox balance, and while antioxidants
have been shown to rescue the self-renewal and reprogramming defects in pluripotent stem
cell cultures, identical doses were toxic for e.g. neural stem cells (Himildinen e a/, 2015).
This highlights the complex role of ROS in physiological signalling and the differential
sensitivity of tissues and cell types.

Questions and concerns

While the “mtDNA mutations cause ageing” causality seems straightforward, further studies
on the Mutator mouse and other models have surfaced a few concerns and alternative
mechanistic viewpoints. Firstly, the original mitochondrial theory of ageing was not fully
supported by the findings in Mutators. Oxidative stress was not detectable in post-mitotic
tissues and mtDNA mutations accumulated linearly rather than exponentially (Trifunovic e#
al., 2005), directly contradicting the hypothesis of a vicious cycle. In addition, the mtDNA
point mutation load in Polg®*™* heterozygotes, which showed no ageing phenotype, was
remarkably higher than that of aged mice (Vermulst ez a/., 2007), questioning their causal role
for ageing.
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The Mutator mouse has been an invaluable model to uncover other functions of the
exonuclease domain of POLG: notably, the degradation of linear mtDNA fragments
(Nissanka e al, 2018), as well as increased processivity and roles in ligation generating
control region multimers (Williams ¢# /., 2010; Macao ¢ al., 2015). These observations also
signify that mtDNA point mutations cannot be conclusively assumed to be the sole culprit
for the premature ageing in Mutators.

Mitochondrial dysfunction has been considered a hallmark of ageing for decades (Lopez-
Otin e7 al., 2013). Nonetheless, while a myriad of different models exists of mild and severe
mitochondrial dysfunction, none of them show similar signs of premature ageing as
Mutators, and neither do humans with mitochondrial disease (Gorman ef a/., 2016). Even
models presenting with high ROS production show increased DNA damage and cancer
incidence but no progeroid symptoms (Yang ¢f al., 2007), and the correlation between ROS
and longevity in the literature is irregular (Schriner ef a/., 2005; Yang ez al., 2007).

When one looks at premature ageing models, the mtDNA Mutator mice also stand as the
exception, as an outsider to the common mechanism of nuclear DNA instability (Catrero ez
al., 2016). This whilst sharing many of the molecular and macroscopic characteristics. What
makes Mutators unique among mitochondrial dysfunction models and connects them to
progeroid models remains an outstanding question in both the mitochondrial and ageing
fields.

2.7  Treatments for mitochondrial dysfunction

Few curative treatments exist for mitochondrial diseases, and the existing approaches are
mostly symptomatic. Nonetheless, new developments in recent years have brought hope to
the cause, enabled by a general paradigm shift originating from fundamental research. The
field is moving away from the assumption that energy deficiency underlies all mitochondrial
disease, and understanding the complex interplay of metabolic and signalling pathways
which are affected and potentially targetable (Chung ez 4/, 2021). Below, I summarise some
of the key research in this field of particular relevance for this thesis. Importantly, because
of the wide variability of mitochondrial disease manifestations, the physiological responses
and mechanisms are different. It is thus unlikely that a single treatment will be beneficial for
all mitochondrial diseases, and each discovery must be assessed in the context of the
pathomechanism it affects. For a thorough review of the specific approaches and ongoing
clinical trials, see (Garone & Viscomi, 2018; Russell ez a/, 2020; Ramén ef al., 2021; Tinker ez
al,, 2021).

Genetic interventions & transplants

The insertion of the healthy version of a disease-causing gene into a patient (e.g. using a viral
vector) has proven good efficacy in preclinical and some clinical trials, with approaches
targeting the liver (Di Meo ¢f al., 2012; Bottani e/ al., 2014; Torres-Torronteras ez al., 2014),
eyes (Wan et al., 2016; Sarzi et al., 2018) or brain (Di Meo e al., 2017).

Other genetic approaches include the use of mitochondria-targeted nuclease-derived
proteins to modulate heteroplasmy by elimination or editing of the mutant mtDNA
(Gammage ¢# al., 2018; Bacman & Moraes, 2020; Zekonyte ef al., 2021; Silva-Pinheiro ez al.,
2022), the genetic or pharmacological regulation of mitochondrial dynamics genes (Civiletto
et al., 2015; Karaa et al., 2018; Rocha e# al., 2018), and the revolutionary and controversial
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mitochondrial replacement therapies. The latter allow for the generation of an embryo
carrying the nuclear genetic material of the parents but the mitochondrial DNA of a healthy
donor (Hyslop e# al., 2016; Kang ez al., 2016), circumventing the maternal inheritance of the
disease.

Although not a genetic intervention per se, the transplantation of donor tissue carrying the
healthy version of a gene has also proven to be a robust strategy against often fatal enzyme
deficiencies. Notably bone marrow transplants for MNGIE (Hirano ef /., 20006; Halter ef al.,
2011), and liver transplant for ethylmalonic encephalopathy (Dionisi-Vici ef a/., 2016) and
MNGIE (De Giorgio ¢t al., 2016; D’Angelo et al., 2020; Ktipps ez al., 2020).

Control of oxidative damage

As previously mentioned, mitochondria are major producers of ROS, as a by-product of
respiration and amplified upon respiratory chain dysfunction (Murphy, 2009). ROS have
been traditionally perceived as undeniably damaging, making antioxidants the most
commonly used drugs for mitochondrial disease, with several clinical trials ongoing for novel
developments. Despite their common use and large market, the preclinical and clinical data
backing their efficacy is very much limited and often anecdotal (Hart e a/, 2005; Meier ef al.,
2012; Garone & Viscomi, 2018). Since ROS play an important role in mitochondrial
signalling and stem cell maintenance, antioxidant approaches should be cautious not to
disrupt the physiological functions of redox balance and potentially cause more harm than
good (Holmstrom & Finkel, 2014; Himildinen e al, 2015; Dogan e al., 2018).

Limiting oxygen availability recently surfaced as a highly unconventional yet effective
method for mitochondrial disease therapy. Hypoxia and oxygen-depriving interventions
such as severe anaemia and carbon monoxide exposure can drastically ameliorate the
phenotype of a model of neurological mitochondrial disease (Jain e af., 2016, 2019; Ferrari
et al., 2017). This surprising and exciting therapeutic possibility also suggests that unused
oxygen plays a critical role in the pathogenesis of certain disorders.

Enhancement of mitochondrial biogenesis

The mitochondrial amount in the cell is coordinated to its metabolic needs, balanced
between biogenesis and degradation (Nunnari & Suomalainen, 2012). Stimulation of
mitochondrial biogenesis has shown promising results, often by boosting NAD+ content
with its precursors (e.g. nicotinamide riboside or niacin), inhibition of NAD-consuming
enzymes, or pharmacological induction by bezafibrate as originally proposed by the Moraes
laboratory in 2008 (Dillon e# af., 2012; Yatsuga & Suomalainen, 2012; Cerutti e7 al., 2014,
Khan ef al., 2014; Pitrinen ef al., 2020).

Rapamycin, a drug inhibiting (and naming) the anabolic master regulator mTORCI, enables
mitochondrial recycling among its many roles and shows beneficial effects in a wide range
of models, including murine mitochondrial myopathy (Khan ef a/, 2017), mouse and fly
models of Leigh syndrome (respiratory complex I defects) (Johnson ef al., 2013; Wang ef al.,
2016; Felici et al., 2017) and TK2-related mtDNA depletion in mice (Siegmund ¢ a/., 2017).
In contrast, rapamycin was not effective and even harmful for murine encephalopathic
models like coenzyme Q deficiency and astrocyte-specific Twinkle knock-out (Barriocanal-
Casado ¢t al., 2019; Ignatenko ez al., 2020), indicating the alleviatory potential of rapamycin
is specific to certain mitochondrial defects and their associated stress responses (Garone &
Viscomi, 2018; Suomalainen & Battersby, 2018).

26



Review of the Literature

High-fat and low-carbohydrate diets known as ketogenic diets have been used since the
1920s to treat drug-resistant epilepsy (Veech, 2004), and can alleviate the seizure frequency
in mitochondrial diseases such as POLG-linked Alpers-Huttenlocker syndrome and children
carrying defects of the mitochondrial respiratory chain complexes presenting with epilepsy
(Kang et al., 2007; Joshi et al., 2009). Ketogenic diets can induce mitochondrial biogenesis
through a variety of transcriptional and metabolic mechanisms, including the inhibition of
mTORC1 (Bough ez al, 2006; McDaniel ez al, 2011; Danial e al., 2013). Consistently, a
ketogenic diet can slow down the disease progression in the myopathic Deletor mice carrying
a mutant Twinkle, enhancing mitochondrial biogenesis and improving mitochondrial
morphology and function (Ahola-Erkkili ef a/., 2010). In mitochondrial myopathy patients,
a strict ketogenic diet had different effects: it caused the targeted degradation of the most
affected muscle fibres leaving healthy fibres unaffected and showing mild long-term
improvements (Ahola ez al., 2016), reminiscent to iz vitro data from heteroplasmic cultures
where a ketogenic treatment can enrich for cells carrying healthy mtDNA (Santra ez al.,
2004). Ketosis has also been reported to exacerbate the spongiotic encephalopathy of
astrocyte-specific Twinkle knock-out mice (Ignatenko ez a/., 2020), further highlighting the
importance for species- and disease-specific testing and treatments.

Improvement of mitochondrial DNA homeostasis
A particularly successful therapeutic approach has been the bypass of a metabolic defect by

supplementation of metabolites in that pathway. Notably, the use of deoxynucleosides to
rescue mtDNA depletion caused by nucleotide metabolic defects. The preclinical results
were encouraging for several defects: mtDNA levels could be recovered in cellular models
of pharmacological and genetic mtDNA depletion (Bulst e a/, 2009, 2012; Camara ef al.,
2014), as well as in mouse models of TK2-deficiency which also showed significant
improvements in lifespan and mitochondrial function in the affected organs (Garone e7 al.,
2014; Lopez-Gomez et al., 2017). Based on this, compassionate use of the treatment was
attempted in patients with TK2 defects, typically presenting with an devastating disease
which rapidly leads to myopathy and childhood death (Saada e a/, 2001; Garone ez al., 2018).
The outcome of these trials has been remarkable, with the 5 early-onset patients studied
presenting marked improvements in survival and muscle function compared with the
historical record, and the other 11 patients with later onsets showing stabilisation or
improvement of their symptomatology (Dominguez-Gonzalez ef al., 2019).

Modulation of mtDNA copy number

In addition to the straightforward logic of restoring mtDNA amount when its synthesis is
defective, the total mtDNA amount has been further interpreted to influence disease
severity. As described previously, only two proteins are known to directly regulate mtDNA
copy number: TFAM by increasing mtDNA half-life, and T'winkle by enhancing mtDNA
replication (Ekstrand ez /., 2004; Tyynismaa ¢f al., 2004; Ylikallio ez al., 2010).

Twinkle overexpression has been shown to be protective against genetic and ischemic heart
insults (Pohjoismiki ¢# al., 2013a; Tanaka ez al., 2013; Ikeda et al., 2015; Inoue et al., 2016).
On the other hand, the overexpression of TFAM appears to ameliorate the phenotype of an
mtDNA heteroplasmic disease model (Filograna ez a/, 2019) and improve the infertility
phenotype of the Mutator mouse, without reports of the physiological consequences in
other tissues and mouse physiology (Jiang e# al, 2017). Based on these observations, the
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boosting of total mtDNA amount as a beneficial therapeutic target for human disease was
proposed (Filograna ez al., 2021). The human evidence for high mtDNA copy number as a
beneficial factor for disease has so far been correlative, showing mild and often contradictory
changes in mtDNA related to age, disease severity and penetrance, mostly from blood cells.
MtDNA amount changes in cancer are also a focus, where both low and high amounts
appear to correlate with worse outcomes (Mi ez al., 2015; Filograna et al., 2021).

While intriguing, the conclusion of “more mtDNA is better” may be too simplistic and still
lacks definite causal data. Outstandingly, the overexpression of either TFAM or Twinkle is
known to inhibit mtDNA transcription and cause progressive respiratory chain deficiency
(Ylikallio ef al, 2010; Fatge e al., 2014), further emphasising both the intricacy and the
sensitivity of the system being disturbed.

Challenges and outlooks

A significant challenge for mitochondrial disease therapy development is the rarity and
severity of the diseases, exacerbated by the diversity of clinical presentation even upon
identical genotypes. This encumbers the arrangement of traditional randomised clinical
trials, which require large and relatively homogeneous groups of patients. This is especially
challenging in rapidly fatal childhood diseases like mtDNA depletion syndromes, where the
current treatment is provided under compassionate use. Recent global efforts have been
pursued to fully describe the natural history of some of these disorders (Garone ¢7 al., 2018;
Keshavan & Rahman, 2018; Keshavan ez a/., 2020). These reports provide evidence on the
typical progression of the disease and meaningful and standardised outcome measures, to
enable the development of novel clinical trial settings that minimise the risk of the
participants and maximise their access to potentially life-saving treatment.

Another challenge is awareness. Like many rare disorders, mitochondrial diseases are often
under- or misdiagnosed, mistaken with similar common afflictions, or simply unknown by
the clinician. Moreover, regular treatments for common diseases could be harmful to a
mitochondrial disease patient. Such is the case for valproate, a normally safe anti-epileptic
drug that can trigger sudden liver failure in patients with POLG mutations (Van Goethem
et al., 2004; Stewart et al., 2010). The rapid advancements and lowering of costs in genomic
analyses aid to mitigate these issues (Carroll e a/., 2014) and recent calculations report that
sequencing young neurological patients early on is already faster, more efficacious and more
cost-effective than traditional diagnostic paths (Aaltio ez 4/, 2022).

Finally, the broad range of mitochondrial disease presentations suggests that different
pathomechanisms, factors and/or tissue sensitivities are involved (Ylikallio & Suomalainen,
2012; Gorman ef al., 2016; Suomalainen & Battersby, 2018), and thus the effectiveness of
promising therapies is likely to be just as varied. While certain therapies might affect shared
responses and alleviate the symptomatology, it is unlikely that a one-for-all cure exists.
Instead, treatments should be carefully tested for each disease and genetic defect, and
disease-tailored approaches given support. While reports of unexpected harmful effects or
negative results exist (Ahola ¢ a/., 2016; Purhonen ¢t al., 2018; Blazquez-Bermejo ¢z al., 2019;
Ignatenko et al, 2020), the current scientific publishing system seldom supports such
publications, so it can be assumed that many more attempts have failed inaudibly. It is crucial
to take this into account and, whilst collectively fighting for healthier scientific publishing,
be extremely careful when extrapolating results from a different species, disease, age, or
genetic background.
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Aims of the study

3 AIMS OF THE STUDY

The general aim of this thesis is to investigate the impact of mtDNA integrity and amount
in development and ageing, and their interaction with metabolism and disease. Specifically,
the aims were as follows:

I. To decipher the molecular mechanism behind the stem cell defect in the mtDNA
Mutator mouse and reconcile it with other premature ageing models.

II. To investigate the consequences of increased mtDNA replication and amount in
combination with a mutagenic mtDNA polymerase.

III.  To develop the state-of-the-art methodology for the effective measurement of
deoxynucleoside triphosphates.

4 MATERIALS & METHODS

Due to the wide physiological scope of this thesis work, the list of methodologies is large,
many methods benefitting from the expertise and talent of collaborators and co-authors.
Table 1 below presents a summary of the main methodologies employed, and their details
are presented in each of the original publications. In addition, the most crucial methods for
this thesis are presented in more detail below.

4.1  List of Methodologies

Method Article
Genetically modified mouse models I, 11
Tissue/cell culture I 11, 111
Nucleic acid purification (DNA & RNA) IL1I
Quantitative PCR (mtDNA, cDNA) IL1I
Protein extraction & immunoblot 1
Histological stains & analysis L 1T
Immunofluorescence L 1T
Fluorescent/confocal microscopy L1
Image analysis and quantification L 1T
Electron microscopy I
dNTP quantitation (metabolite extraction & radioactive- LI
labelled polymerase amplification) ’
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Nucleotide analogue incorporation LI

DNA gel analysis (topological and 2-dimensional) L1I
Flow cytometry 1
Analysis and integration of omics data (transcriptomics, LTI
metabolomics, proteomics, mtDNA deep-sequencing) ’
Statistical analyses I 1L, 11X

4.2  Ethical statements and licenses

All animal work was performed following the European Union Directives and the 3R
principle and approved by the National Animal Review Board and regional State
Administrative Agency for Southern Finland (permits: ESAVI/689/04.10.07/2015 &
ESAVI/3686/2021).

4.3 Mouse models

MiDNA Mutator mice

The mtDNA Mutator mouse carrying a D257A amino acid change in the Polg gene was
obtained from Prof. Prolla’s group (Kujoth ez al., 2005). To avoid the inheritance of mtDNA
mutations, the strain was maintained by crossing heterozygous males with wildtype 6BL/Rcc
females. Heterozygous females were used exclusively to generate experimental groups with
homozygous offspring, thus minimising the inheritance of mtDNA mutations to a single
generation.

Twinkle overexpressor mice

The mice overexpressing murine Twinkle cDNA were generated in our lab (Tyynismaa ef
al., 2004), leading to an increased mtDNA copy number. The transgene, located within an
intron of the Tmprss11d gene, was expressed under a B-actin promoter (Ylikallio e a/., 2010).

Mutator Twinkle-overexpressor mice

D257A

We crossed Twinkle-overexpressing females with heterozygous Polg males to obtain

Twinkle-overexpressing Polg®”"* heterozygous pups. The resulting offspring was then inter-

D257A

crossed, generating litters containing Polg wildtype, heterozygous and homozygous

mice, with and without the Twinkle transgene.

4.4  Quantitation of dNTP pools

The isolation and quantitation of ANTP pools were performed using a novel radio-labelled
solid-phase polymerase-based method [I1I & (Landoni ez a/., 2021)].

Shortly, the metabolites were isolated from biological samples or mitochondrial pellets by
physical homogenisation and cold 60% methanol extraction as desctibed in (Martf ¢# al,
2012), ensuring the boiling is performed previous to the precipitation. Then, the solvent was
vacuum evaporated, and the precipitate was redissolved in water.
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The measurement was carried out in four separate reactions, one per canonical ANTP. A
biotin-labelled template oligonucleotide specific for each ANTP was covalently bound to the
streptavidin-coated wells (Figure 3.1) and the reaction mix added, which included a DNA
polymerase and its buffer, a reducing agent, the extract, a DNA primer, and a radioactive
dNTP in excess (usually tritium-labelled dATP or dTTP). The templates were designed to
incorporate radioactive nucleotides proportionally to the target ANTP (Figure 3.2). By
quantifying the radioactive counts from the newly synthesised DNA fragments (released by
sodium hydroxide) and comparing them to those of a standard curve of reactions of known
dNTP concentration, we could extrapolate the exact concentration of each dNTP (Figure
3.3).

TTTGTTTGTT
Affinity capture of 4 _C ‘ TeTTr6T116- PRW\E

biotinylated oligos
dATP*\ dcTp (
DNA polymerase AARCARACAARC- dd W7
reaction 2 -C‘TTTGTTTGTTTGTTTGTTTG—PRIMER

PRIMER Incorporation

NaOH

) Scintillation
Alkaline release and 4 -@TTTGTTTGTTTGTTTGTTTG PRIMER counter

radioactive count \)
* Ak PRIMER \_/
AAACAKACA KRRe-

Figure 3: Graphical summary of the novel dINTP quantitation method, with dCTP as an example.
(1) Affinity capture of the dCTP-specific biotinylated oligo into a streptavidin-coated plate. (2) DNA
polymerase reaction in its optimised buffer, allowing for the proportional incorporation of the measured
dNTP and the excess radioactive INTP, dCTP and tritium-labelled dATP respectively in this case. (3)
Sodium hydroxide denaturation and solubilisation of the newly synthesised strand and transfer of the
solution into scintillation liquid for radioactive counting. Abbreviations: S, streptavidin; B, biotin. A*,
trittum-labelled adenosine.

4.5  Statistical analyses

Statistical analyses and graphical representation were performed with MS Excel and R (R
studio and ggplot2). Due to the relatively small number of observations, scatterplot
representations were chosen to cleatly visualise the distributions and allow the reader to
directly judge the data. As most results compare the distribution between two groups (e.g.
wildtype vs Mutator), pairwise comparisons are often performed and reported with a p-value
from Student’s t-test (Livingston, 2004). The details from each analysis can be found in the
figure legends and in (I-11I).

Larger datasets requiring specialised analyses were performed using established pipelines for
each: RNA sequencing data was analysed using DESeq2 in R (Love e al, 2014),
metabolomics on MetaboAnalyst (Chong 7 a/., 2018), and mtDNA sequencing data were
processed as in (Isokallio & Stewart, 2021). In addition, a myriad of freely-available online
tools was employed for omics data filtering and exploration (Eden ef 4/, 2009; Raudvere ez
al., 2019; Szklarczyk ez al., 2019; Ge et al., 2020).
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5 RESULTS

5.1 Disrupted cell cycle and replication stalling in Mutator
mouse stem cells

Previous research from our lab and others revealed that the mtDNA Mutator mice, carrying
a defective POLG, present attrition of their stem cell compartments, a typical feature of
premature ageing mouse models (Carrero ef al, 2016). This included self-renewal and
maturation defects in both somatic stem cells and induced pluripotent stem cells (PSC)
(Chen et al, 2009; Norddahl ez al, 2011; Ahlqvist ez al, 2012; Wahlestedt ez al., 2014;
Himildinen ef al., 2015). Premature ageing has not been observed in other mitochondrial
dysfunction models or diseases, so why and how this particular insult causes premature
ageing has been an outstanding question in the field.

Using iPSC as an ## vitro model for highly replicative cells, we sought to clarify the molecular
mechanisms behind the Mutator stem cell defect, starting with the proliferation phenotype.
When compared to wildtype cells, Mutator iPSC showed a disturbed cell cycle (Figure 4A)
and a deceleration of nuclear DNA replication (Figure 4B), as measured by propidium iodide
staining and the incorporation of thymidine analogues (CldU & IdU) into DNA strands
respectively. A well-characterised consequence of replication fork stalling is DNA double-
strand breaks (Kaushal & Freudenteich, 2019). The increased phosphorylation levels of
known DNA damage markers in the cells were consistent with this premise (Figure 4C).
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Figure 4: Mutator iPSC cell cycle and nuclear DNA replication disruption (A) Cell cycle analysis
of iPSC by propidium iodide staining and fluorescent flow cytometry. (B) Nuclear replication fork
progression speed analysis on DNA fibres by quantification of nucleotide analogue incorporation. (C)
Quantification of phosphorylated and total ATM-kinase and Chk1-kinase immunoblots. P values from a
two-tailed t-test with p<<0.05 as a significance threshold. * (p < 0.05), ** (p < 0.01), *** (p < 0.001).

As a mitochondrial polymerase, the POLG defect was expected to only affect mtDNA
replication (Krasich & Copeland, 2017). However, out results excitingly and unexpectedly
indicated that the mutator allele can challenge nuclear DNA replication and integrity.
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5.2 Nuclear DNA damage in Mutator stem cells in vitro and in
vivo

To corroborate the DNA damage observation, we studied the phosphorylation of histone

H2AX (yH2AX), an established marker for DNA double-strand breaks (Mah et a/, 2010).

Immunostaining and flow cytometry quantification of yH2AX revealed a significant increase

of double-strand breaks in iPSC (Figure 5A).

We then sought to test these results 2z vivo by studying DNA damage in mouse testes, in the
highly proliferative sperm cell progenitors. Male infertility is a known phenotype of mutators
(Trifunovic ef al., 2004) and patients carrying certain POLGT mutations (Rovio ef al., 2001;
Luoma et al., 2004). In addition to the expected disruption of the seminiferous tubule
ultrastructure in Mutators, co-staining of yH2AX and PCNA (a marker for proliferating
cells) revealed a striking increase in DNA damage foci, specifically in replicating cells (Figure
5B).

Taken together, the results suggest an intriguing process by which an insult to mitochondrial
DNA can threaten nuclear DNA stability.
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Figure 5: Nuclear DNA double-strand breaks 7z vitro and in vivo (A) yH2AX staining quantification
per cell by flow cytometry, representative histogram, three independent experiments, P = 0.0002. (A)
Representative images and quantification of yH2AX (yellow, marking double-strand breaks) and PCNA
(cyan, marking replicating cells) staining in testes. Arrowheads indicating yH2AX foci. P values from a
two-tailed t-test with p<<0.05 as a significance threshold. * (p < 0.05), ** (p < 0.01), *** (p <0.001).

5.3 miDNA over-replication and nucleotide metabolic shift

A classical cause for nuclear replication stress and cell-cycle stalling is the incorrect or
imbalanced availability of dNTPs at the replication fork (Reichard, 1988; Mathews, 2000),
the building blocks shared by both genomes. In addition, we and others have reported that
primary mitochondrial defects can affect whole-cellular ANTP metabolism (Bao ez a/, 2016;
Dalla Rosa ¢t al., 2016; Nikkanen ez al., 2016). We thus asked whether nucleotide metabolism
could be the causal link between the defects.

RNA sequencing analysis of iPSC revealed an intriguing pattern: the cytosolic pathways for
dNTP synthesis appeared to be downregulated, which was consistent with the predicted
nucleotide depletion in the nucleus. However, the mitochondrial salvage pathway was
induced (Figure 6A), suggesting the prioritisation of mtDNA replication despite a whole-
cellular deficiency.
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To further confirm this, we quantified the total cellular ANTP pools, as well as those from
isolated mitochondria. In agreement with the transcriptomic data and the nuclear ANTP
deficiency hypothesis, the total ANTP pools were generally lower in Mutator iPSC,
particulatly dTTP concentrations (Figure 6B).

The opposite trend was detected in mitochondrial INTP pools, with higher concentrations
of dNTPs in Mutator mitochondria than wildtype (Figure 6B). This organelle-specific
regulation of dN'TPs is rather unexpected, as mitochondrial and cytosolic ANTP pools are
thought to closely correlate in normal replicating cells (Gandhi & Samuels, 2011).
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Figure 6: Mitochondrial restructuring of nucleotide metabolism (A) Relative expression levels of
nucleotide metabolic enzymes, classified as de novo and two salvage pathways. Mutator in red, wildtype
controls in grey. (B) Relative whole-cellular (top) and mitochondrial (bottom) dNTP pools. P values
from a two-tailed t-test with p<0.05 as a significance threshold. * (p < 0.05), ** (p < 0.01), *** (p < 0.001).

The intriguing ANTP rewiring was suggestive of an augmented requirement of nucleotides
in mitochondria, which could be caused by an increased mtDNA replication frequency by
the more rapid Polg””™ (Macao ¢ al., 2015). We tested this by labelling newly synthesised
mtDNA with the thymidine analogue BrdU, and quantifying its signal against an mtDNA
hybridization probe, obtaining the ratio between new and total mtDNA. This “South-
Western” analysis revealed that Polg®*™ leads to increased mtDNA replication frequency
(Figure 7), implying an increased consumption of dN'TPs in mitochondria. Interestingly, the
change in replication also occurred without significant variation in total mtDNA copy
number, hinting at yet undiscovered turnover mechanisms.

New mtDNA / total mtDNA
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Figure 7: Increased mtDNA processivity by exo-deficient POLG. South-western blot measuring
total mtDNA and incorporation of the nucleotide analogue BrdU, and quantification of the BrdU/total
mtDNA ratio indicating novel mtDNA replication. P values from a two-tailed t-test with p<0.05 as a
significance threshold. * (p < 0.05), ** (p < 0.01), *** (p < 0.001).
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The data indicated that an unknown sensing mechanism in mitochondria, possibly related
to ANTP consumption or mtDNA replication, was miscommunicating dANTP availability to
the nucleus. In turn, this signal would be triggering a deleterious adaptation where
mitochondrial ANTPs were prioritised, and cytosolic biosynthesis was hampered.

5.4 TFAM overexpression can rescue the Mutator stem cell
DNA damage

To further assess the causality between mtDNA replication and nuclear damage in iPSC, we
overexpressed the mtDNA-binding and transcription factor TFAM. TFAM is known to
increase mtDNA packaging, thus inhibiting/decelerating its replication (Farge ¢# al., 2014;
Briiser et al., 2021). Short-term TFAM overexpression resulted in the reduction of yH2AX
signal in the nucleus of Mutator iPSC to wildtype levels (Figure 8A), strongly supporting a
causative link between mtDNA replication and double-strand breaks in the nuclear genome.
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Figure 8: TFAM rescues DNA damage without changing mtDNA copy number. (A) Mean intensities
of yH2AX flow cytometry in arbitrary units from control and TFHAM-overexpressing iPSC. (B) Relative
mtDNA copy number of control and TFAM-overexpressing iPSC. P values from a two-tailed t-test
with p<0.05 as a significance threshold. * (p < 0.05), ** (p < 0.01), *** (p < 0.001).

This result joins the body of evidence associating TEAM overexpression with beneficial
outcomes for mitochondrial defects (Jiang ez a/., 2017; Filograna ez al., 2019). In contrast with
the published interpretation, the effects cannot be attributed to an increase in total mtDNA
amount (Figure 8B). Instead, it suggests the involvement of mtDNA replication modulation
and/or other TFAM functions in the mechanism.

5.5 A unifying mechanism for mouse premature ageing

Based on the observed phenomena we propose a model in which, in addition to
accumulating point mutations, the increased processivity of Polg®*™ increases replication
and/or ANTP consumption. This in turn affects dNTP homeostasis in teplicating cells,

causing a nuclear ANTP deficiency and consequential replication stalling and DNA damage.

Taken together, the data redefine the mutator mouse as a secondary nuclear DNA damage
model, thus reconciling the mechanisms for murine premature ageing under nuclear
genomic instability (Carrero ef al., 2016; Schumacher & Vijg, 2019). Additionally, it reopens
the necessity of conclusive experimental evidence for the contribution of mtDNA mutations
in ageing.
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Figure 9: Model for mtDNA mutator premature ageing mechanism. Graphical summary of the
proposed model for exonuclease-deficient Polg -mediated progeroid syndrome in replicating cells. In
addition to mtDNA mutagenesis, the POLG defect causes increased mtDNA replication. This leads to
an imbalance in nucleotide metabolism, whereby mitochondrial INTP pools are prioritised, and non-
mitochondrial pathways are downregulated. The consequential ANTP deficiency in the nucleus leads to
nuclear replication fork stalling and triggers the cascade of DNA damage and its responses that
characterises all progeroid syndromes.

5.6  Overexpressing Twinkle helicase increases mtDNA copy
number by replication

Our results from replicating cells strongly supported the increased mtDNA replication
activity by Polg®*"* to be causative for the nuclear genomic damage. To test this connection
further, we designed a mouse crossing that would further increase the replication rate of
mtDNA.

Twinkle is essential for mtDNA replication initiation, so its expression correlates with the
number of mtDNA copies and amount of mtDNA replication (Tyynismaa et al, 2004;
Ylikallio ez al., 2010). Therefore, by overexpressing Twinkle in mutators, expected to further
increase mtDNA replication, and hypothesise that if increased replication is indeed
deleterious, the mice would present with an acceleration of the progeroid phenotype.

By crossing the Mutator line with the Twinkle-overexpressor (TwOE) line, we obtained
litters with all Mutator (Polg”*") genotypes: Po/g"/™", Polg"/P*"* and Po/g"*"*/P*™ with and
without the Twinkle transgene (Figure 10A).

The Twinkle-overexpressing groups presented a marked increase in both Twinkle mRNA
(Figure 10B) and a 2-3-fold increase in mtDNA copy number (Figure 10C). Quantification
of nucleoid treplication by EdU incorporation and DNA immunostaining from embryo-
derived fibroblasts also confirmed the expected higher proportion of replicating nucleoids
and their increase in size caused by Twinkle-overexpression (Figure 10D-F), corroborating
that the system is working as anticipated.
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Figure 10: Increasing mtDNA copy number by replication in mice. (A) Array of genotypes in the
cohort, showing the three possible PolgP2>74 genotypes and their T'winkle-overexpressing counterpatts.
(B) Relative amount of Twinkle mRNA in the heart at birth. (C) MtDNA copy number in the heart at
one week, probing three genes across mtDNA (16S, COXI and ND4) against the nuclear gene RBM15,
relative to wildtype control. P values from Kruskal-Wallis/Dunn’s test with Bonferroni correction,
comparing each group to wildtype controls. * (p < 0.05), ** (p < 0.01), *** (p < 0.001). (D) Representative
fluorescent microscope image of embryonic fibroblasts stained with an antibody against double-stranded
DNA (dsDNA, nucleus and nucleoids, magenta), EdU (replicating mtDNA, green) and DAPI (nucleus).
(E) Quantification of nucleoids in replication (EdU+) compared to total nucleoid number. P values from
ANOVA/Tukey's HSD test; * (p < 0.05), **** (p < 0.0001). (F) Quantified nucleoid radius distribution
by genotype and by replication status (EdU+ as full lines, EdU- as dashed lines), showing bigger nucleoids
in replicating nucleoids of Twinkle-overexpressing genotypes.

5.7  Enhanced replication in the mutator background causes
fatal neonatal heart failure

Both parental lines present late-onset phenotypes: Mutator homozygotes show symptoms
at 6 to 8 months of age (Trifunovic ez al, 2004; Kujoth e al, 2005), while Twinkle-
overexpressors have no visible phenotype and normal lifespan with mild OXPHOS
deficiency only after 2 years (Ylikallio ez a/., 2010; Pohjoismaki ef al, 2013a). Consistently,
our experimental litters were born normal (Figure 11A).

Strikingly, however, the double transgenic mice rapidly developed a clear growth defect
during the first week of life, dying shortly after (Figure 11B & J). The growth defect was
associated with enlarged hearts (Figure 11C—E & K), which echocardiographic analysis
revealed to be severe heart failure due to dilated cardiomyopathy (Figure 11F-I).

Structurally, the hearts presented severe infarction-like pathology with endomyocardial
fibrosis, vacuolation, degenerating myofibrils, enlarged cardiomyocytes and larger and less
abundant nuclei, suggestive of a cardiomyocyte maturation defect (Figure 11 & III).
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Figure 11: Twinkle overexpression in combination with mutator POLG associates with neonatal
heart failure. (A-B) Representative images of WT and PolgM*TwOE mice at postnatal day 1 (P1, A) and
P8 (B), showing the progressive growth defect. (C-F) Representative images of P7 heart characterisation:
(C) Haematoxylin/eosin staining showing infarction-like pathology (black arrowheads). (D) Masson’s
trichrome staining showing myocardial disarray, vacuolation (white arrowheads) and interstitial fibrosis
(black arrowheads). (E) Electron micrograph depicting the complete degradation of the myofibrillar
structure (black arrowheads), and the disruption of mitochondrial membrane ultrastructure (white
arrowheads). (F-I) Echocardiography and its quantification, indicating dilated cardiomyopathy and severe
heart failure in PolgHTwOE and PolgMTwOE. (J) Weight of the mice in grams at P7. (K) Heart-to-
body weight ratio at P7. P values from Kruskal-Wallis/Dunn’s test with Bonferroni correction, comparing
each group to wildtype controls unless specifically indicated. * (p < 0.05), ** (p < 0.01), *** (p < 0.001),
PR (p < 0.0001).

D257A

5.8  The cardiac failure is dose-responsive to Polg alleles

and affects other organs

Mice carrying a single Polg®*™ (heterozygotes) present virtually no phenotype, as a single
exonuclease-proficient Pojg allele is sufficient to fulfil most functions and maintain a low
mutation and deletion load (Vermulst ez a/., 2007; Edgar & Trifunovic, 2009). In contrast,
the Twinkle-overexpressing Polg®*™ heterozygotes (Polg"“TwOE) in our cohort had a
considerable growth and heart phenotype, the severity and incidence of which were dose-
responsive to the number of Polg®*™ alleles (Figure 11]-K).

To evaluate whether the previously unveiled mutator mechanism could play an accelerated
role in this disorder, we assessed proliferation and nuclear DNA damage from replicating
(testes, skin) and post-mitotic (heart) tissues. No differences were detected in proliferation
matkers or yH2AX foci (II), implying that the pathomechanism in the neonatal heart was
different and more acute than the chronic nuclear DNA stress observed in the replicating
cells of older mutators (I-1I).

Of other organ systems, heart function is closely connected with that of lung and liver, and
they can affect one another when dysfunctional (Kee & Naughton, 2010; Moller & Bernardi,
2013). Indeed, the double transgenic mice showed severely fatty liver and disrupted alveoli
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in the lungs. Nonetheless, further analysis revealed the onset of the damage is posterior to
that of the heart and neither lung nor liver present changes in mtDNA copy number at one
week of age, all suggesting that their damage is likely secondary to the cardiac failure (II). A
mild decrease in haemoglobin and glucose concentrations was also detected in blood (II),
the first of which overlaps with the mutator phenotype. However, as they are known
consequences of a failing heart (Stanley ez @/, 2005; Anand & Gupta, 2018), they are also
likely secondary.

5.9  Increasing mtDNA replication intensifies the likelihood of
mitDNA damaging events

D272 we asked whether

As the major consequence of the proofreading-deficient Polg
increased replication could be exacerbating the damage to mtDNA (mutagenesis or other)

and possibly causing the defect.

We first characterised the landscape of mtDNA point mutations, the best-known feature of
mutators. Using deep-sequencing on enriched mtDNA we found that Twinkle
overexpression did significantly increase the mutation rate in both Polg"TwOE and
Polg"*TwORE mice compared to their respective Polg™™ and Polg™ controls (Figure 12A).
However, the extent of the increase could not explain the severity of the cardiac phenotype.
Notably, because the mutation load of asymptomatic Polg™* was much higher than that of
Polg"™TwORE with failing hearts. Additionally, the mutation heteroplasmy levels were
comparably low across all genotypes (Figure 12B). The majority of mutations enriched in
Polg”*"*-carriers were T or A misincorporations (C:G>T:A and AT>T:A) (Figure 12C),
indicating also that the bulk of mutations arose directly from POLG function (Johnson &

Johnson, 2001).

The quantitation of different genes across mtDNA revealed potential disruptions in mtDNA
integtrity, as the relative amounts of the target genes were variable among the Twinkle-
overexpressing genotypes (Figure 1C). Indeed, DNA gel analysis confirmed this observation
and revealed other mtDNA maintenance irregularities. The accumulation of linear fragments
spanning between the two replication origins of mtDNA is a known occurrence in mutator
homozygotes, as its degradation requires the exonuclease activity of POLG (Nissanka ¢7 a/,
2018). Consistent with enhanced replication, we observed an increase of those species, as
well as other rare events of replication interruption (Figure 12D). For further detailed data
please see (II).

In summary, our data reflect that an increase in replication events augments the probability
of mtDNA damaging incidents to occut, leading to the accumulation of their products (point
mutations, linear deletions and other abnormal mtDNA species). Nonetheless, the lack of
significant mtDNA disruptions detected in Polg"“TwOE despite their clear disease
presentation suggests that mtDNA damage is unlikely to be the primary cause of the defect.
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Figure 12: Twinkle overexpression exacerbates the mtDNA damage associated with Mutator
POLG. (A) Standardised mutation rate quantified from mtDNA deep sequencing; total number of
mtDNA mutations detected standardised to the occurrence of each base. (B) Detected point mutations
across mtDNA and their frequency (heteroplasmy) as a percentage of the total reads for that locus. (C)
Mean standardised mutation rate by substitution type, with SEM. (D) MtDNA topology; Southern
hybridization analysis showing the different topological species of mtDNA present in the sample. P values
from a two-tailed t-test contrasting groups with identical POLG genotype. * (p < 0.05), ** (p < 0.01), ***
(p < 0.001).

5.10 Multi-omic analysis reveals perinatal signalling and
metabolic remodelling

To unbiasedly dissect the molecular signals triggering the heart failure, we performed omics
analyses from perinatal hearts. The first week of life is an extraordinarily active stage for the
heart, as it must rapidly adapt to oxidative metabolism and to a remarkable increase in size
and energetic demand (Pohjoismiki & Goffart, 2017; Lalowski ef a/., 2018). To capture a full
snapshot of the pathways affected, we performed metabolomic and proteomic analyses from
the hearts at day 1. The proteomic analysis resulted in a large number of significantly affected
hits, where all the critical processes required for normal heart maturation were burdened
(Figure 13A-C).

The analysis revealed a typical mitochondrial integrated stress response (ISR™Y) signature, a
recently described pseudo-anabolic reaction to different mitochondrial stressors and
diseases (Tyynismaa ez al, 2010; Dogan et al., 2014; Nikkanen ez a/., 2016; Suomalainen &
Battersby, 2018; Forsstrom e# al., 2019). It is characterised by a strong induction of de novo
serine biosynthesis (PHGDH, PSPH, PSAT1), the mitochondrial folate cycle (MTHFD2,
MTHFDI1L) and asparagine and proline metabolism (ASNS, PYCRI1), among
others. Cytosolic translation was also remarkably induced, indicated by the upregulation of
cytosolic aminoacyl tRNA synthetases, amino acid transporters, and the subunits and
assembly factors of the ribosome.

40



Results

The mitochondrial translation machinery, on the other hand, appeared downregulated. In
fact, ~50% of all detected mitochondrial proteins classified by MitoCarta3.0 (Rath e7 a/,
2021) were significantly affected, most of which downregulated (Figure 13C). Mitochondrial
respiratory chain subunits were among the most affected, the subunits of complex I, ITI and
IV in particular; denoting defective oxidative phosphorylation (Figure 13D), alongside a
downregulation of coenzyme Q biosynthesis. Fatty acid oxidation was another crucial
adaptation for mature cardiomyocytes which was downregulated or unable to be induced.
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Figure 13: Proteomic changes in newborns. (A) Volcano plot depicting the fold-change and
statistical significance of the proteomic changes between WT and PolgM'TwOE groups. The dotted

line indicates the significance threshold at (Q<0.01 and changed hits are categorised into groups.
Twnk arrowhead indicates the position of the cropped datapoint. (B) Entiched KEGG pathways
among the proteomic hits, fold enrichment on the x-axis and logl0 p-value in the lollipop plot. (C)
Percentage of changed hits classified according to MitoCarta. (D) Changes in respiratory chain subunits
(sub.) and assembly factors (a.f)) by respiratory complex.

Interestingly, genes classified by the KEGG database (KKanehisa ¢# 4/, 2016) as involved in
cardiomyocyte contraction and the cytoskeleton were downregulated, and markers of
cardiomyopathy were induced. This suggested that the cardiac damage signalling is
occurring before the onset of visible damage and either acutely induced upon birth or
already occurring prenatally.

In contrast to the proteomic results, the metabolomic analysis revealed just a handful of
significant hits (Figure 14A-B). Upon pathway contextualisation, a common pattern
emerged: the deficiency of metabolites requiring cysteine for their synthesis such as
coenzyme A, taurine and glutathione (Stipanuk ez a/, 20006), alongside the accumulation of
metabolites upstream from cysteine, such as cystathionine and D-pantothenate. In
addition, we found an enrichment of metabolites strongly dependent on redox balance
for their catabolism, such as proline, pipecolic acid and sarcosine (Campbell ¢ a/., 1997,
Dodt ez al., 2000). The results thus highlichted cysteine metabolism as a relevant pathway
to address, with a deficiency of metabolites crucial for cell and cardiac function

triggered by TwOE (Figure 14B-C).
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Figure 14: Metabolomic changes in newborns. (A) Volcano plot depicting the fold-change and
statistical significance of the metabolite’s change between WT and PolgM'TwOE groups. The dotted line
indicates the significance threshold at p<<0.01 and changed hits are highlighted in red and named. (B)
Heatmap displaying the Log2 fold change of the significantly affected metabolites across all measured
genotypes. P values from a two-tailed t-test as stars: * (p <0.05), ** (p <0.01), *** (p <0.001). (C)
Simplified cysteine metabolic pathway integrating and depicting some of the significant changes from the
metabolomic analysis.

We then asked whether some of these changes were already affected prenatally and could
be hampering normal cardiomyocyte metabolic development. Thus, we collected hearts at
embryonic day 16.5 and analysed the transcriptome of all genotypes in the cohort.

The resulting profile (Figure 15A-B) revealed a more modest response than the proteomic
analysis, characterised by a clear upregulation of the ISR™ and cytosolic tRNA synthetases,
with ATF5 as the induced and likely effector of the response. Genes involved in heart
contraction and extracellular collagen matrix maintenance were enriched among the
downregulated genes, indicating changes to myocardial structure were already taking place
during late embryogenesis. Thrillingly, the magnitude of the stress response closely
correlated with the severity of the heart damage, seemingly triggered by Twinkle-
overexpression and dose-responsive to Po/g”>"* alleles (Figure 15C-D).

While the potential damaging or protective roles of ISR™ remain a subject of debate
(Suomalainen & Battersby, 2018; Forsstrom ef al., 2019; Kaspar e al., 2021), its induction
does indicate that mitochondrial stress signalling is occurring prenatally and before the onset
of macroscopic damage, in a pattern that is consistent with the defect’s incidence and
severity.
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Figure 15: Transcriptomic changes in E16.5 embryos. (A) Volcano plot depicting the fold-change
and statistical significance of the transcriptomic changes between WT and PolgM*TwOE groups. The
dotted line marks the significance threshold at p<0.01 and changed hits are categorised into groups. Twnk
arrowhead indicates the position of the cropped datapoint. (B) Enriched KEGG pathways among the
transcriptomic hits, fold enrichment on the x-axis and log10 p-value in the lollipop plot. (C) Example
plots of the landscape of change in ISR™-related genes across all genotypes. (D) Venn diagram of the
ovetlap in significantly changed genes across the genotypes. Specific groups highlighted and detailed as
lists.

5.11 Ferroptotic cell death induced by mitochondrial dysfunction
in the heart

The intriguing dose-responsiveness of the molecular and macroscopic defects to PolgD257A

alleles prompted us to seek a possible susceptibility factor that may respond only to Polg”*"*
dosage. In other words, what increases proportionally with Polg®*™ that could make
cardiomyocytes vulnerable to damage arising from increased replication. To find such a
candidate, we returned to the transcriptomic data and searched for transcripts significantly
affected in both Polg"™" controls and Polg"TwOE mice. This analysis revealed a clear
strong hit: Hdde3 (encoding for MESH1) (Figure 16A), a recently described cytosolic
NADPH phosphatase that drives ferroptosis (Ding ¢ al., 2020). Hdde3 was among the two

D257A

differentially expressed genes shared by all Polg”®"" carriers (Figure 15D), and its expression

showed a neat-perfect dose-tresponsive expression pattern to Polg*™

and complete
independence to Twinkle in all genotypes, and a similar upregulation in Mutators at the

protein level (Figure 16B-C).
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As a newly discovered process of regulated cell death (Cao & Dixon, 2016; Chen ez af., 2021),
ferroptosis is not as readily recognised by 7 silico prediction software as well-established
pathways. Nonetheless, comparing manually curated databases (IKanehisa ¢f @/, 2016; Zhou
& Bao, 2020) with our proteomics data revealed a strong proportion of ferroptotic markers
to be significantly affected in the neonatal hearts (Figure 16D-E). This included a pattern of
mostly upregulated markers and downregulated inhibitors of ferroptosis. Combined with
the metabolomic hits indicating increased utilisation of cysteine towards glutathione and
dysregulation of redox-dependent reactions, the data suggests a response to increased lipid
ROS (Figure 14B & 16E).
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Figure 16: Ferroptosis involvement in PolgM*TwOE molecular pathogenesis. (A) Scatterplot
comparing the statistical significance of the change in PolgM» and PolgM*TwOE groups (against WT),
indicating Hdde3 as a unique similatly changed gene candidate. (B-C) Relative amounts of Hdde3/MESH1
mRNA (B) and protein (C) in different genotypes, showing dose-responsiveness to PolgP?>74 alleles. (D)
Pie charts showing the proportion of proteins marked as ferroptosis marker or suppressor (FerrDb), or
in the KEGG ferroptosis pathway, found significantly (Qval < 0.01) upregulated (red) or downregulated
(blue) or non-significantly changed (grey) in PolgM*TwOE. (E) Main pathways involved in ferroptosis,
ovetlaid with the change detected by proteomics (normal font) and metabolomics (italics) with the same
colour scheme as (D) and black as not measured/detected.
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Results

D257A

Taken together, the identification of Hdde3 responsiveness to Polg and the integration

of omics analyses fulfils the criteria for ferroptotic pathway induction and indicate that
D257A

Polg carriers are primed to ferroptosis in the heart. While Hdde3 upregulation is likely
innocuous or even beneficial alone, its combination with TwOE and/or ISR™ can trigger

ferroptosis, hamper normal cardiomyocyte metabolic maturation and lead to heart failure.
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Figure 17: Graphical summary of the PolgM*TwOE outcomes. On the left, the protein players acting
on mtDNA: Twinkle helicase being overexpressed, and exonuclease-deficient POLG replicating. In red,
the molecular consequences of the alteration: point mutation accumulation, enhanced replication and
generation of linear deletions and other mtDNA rearrangements. On the right, the timeline of affected
systems and detected onsets, with the damaged organ systems highlighted (heart in red, lungs and liver in

dark grey).

5.12 Development of a new dNTP quantitation method

The third project in the thesis arose from the technical requirements of project I. As
previously described, the state-of-the-art methodology for ANTP pool measurement has
long been a radio-labelled polymerase-based reaction, widely used in the fields of nucleotide
metabolism and mitochondrial disease research. Despite its high sensitivity, several features
had room for improvement. In addition, the field had been hampered by the commercial
discontinuation of specific materials required, motivating the further development of the
method. We thus decided to develop an adaptation of the method, inspired by a previously
published minisequencing protocol (Suomalainen & Syvinen, 1996, 2003) used to determine
mtDNA heteroplasmy and allele frequencies from pooled DNA samples.

The major innovation was the adaptation to a solid-phase setting, permitting the
performance of the reaction and washing steps in the same well and enabling the use of
multi-channel and automated equipment, allowing for parallelisation and markedly
accelerating the method’s performance. In addition, other improvements were made in the
extraction process (optimisation of the boiling and centrifugation steps), new biotinylated
oligos and longer primer, the use of a high-fidelity thermostable polymerase with its
optimised buffer. Many laborious steps were in consequence combined or omitted, such as
a separate primer annealing incubation and the transfer of individual reaction mixtures onto
filter papers and their manual handling.
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Along with significantly reducing the time and manual work required, the method
diminished the potential sources of error and sample degradation arising from extra
volumetric measurements, physical changes of the mixture and manual handling, and
minimised the operatot’s exposute to hazardous and radioactive compounds.

The resulting new protocol is described in (III) and developed further in (Landoni e a,
2021). It produced replicable results from an array of cell lines (Figure 18A), as well as from
animal tissues and fractionated mitochondrial pools [(Landoni ¢# a/., 2021) & Figure 18B],
and generated comparable results to the traditional methodology, with a tendency to higher
absolute amounts possibly due to the optimised handling of the unstable metabolites (Figure
18B).

A Cell line dNTP pools
| dATP
o0 dTTP
2 dCTP
g 40 dGTP
=
- ' "I
Embryonic Kidney hiPS-derived Human Myoblasts Neuroblastoma Osteosarcoma
HEK293 Neurospheres SH-SY5Y U208
Murine bone marrow dNTP pools
dATP dTTP dCTP dGTP
0.31 *k *hk N 1.004 x .
R 6
= A 1.51 0.75-
§ o.E' 4 9 1.0 ° Y Y 0.50+ oo .
20.1 {' i —I_
gl 2 . 051 0.25{ -
0.0 04 0.0 0.00 1
Filter ~ Solid- Filter ~ Solid- Filter  Solid- Filter ~ Solid-
based phase based phase based phase based phase

Figure 18: Validation of the novel INTP quantitation method. (A) Quantitation of dANTP pools in
an array of cell lines, data presented as mean bars with standard deviation range, three technical and two
biological replicates per bar. (B) Comparison between dNTP quantitation in isolated murine bone marrow
between the traditional method (filter-based) and the novel one (solid-phase). Each data point represents
the mean of an individual, from two technical replicates. P values from a two-tailed t-test with p<0.05 as
a significance threshold. * (p < 0.05), ** (p < 0.01), *** (p < 0.001).
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6 DISCUSSION

Mitochondrial dysfunction is implicated in the pathogenesis of a vast number of human
diseases as well as age-related degeneration (Lépez-Otin ef af., 2013; Gorman et al., 2010).
The Mutator mouse, carrying a defective POLG and presenting with a progeroid syndrome
(Trifunovic et al., 2004; Kujoth ez al., 2005) was long interpreted to be the confirmation for
the causal role of mtDNA mutagenesis in ageing, as proposed 30 years prior (Harman, 1972).
However, accumulating data on the molecular phenomena taking place in Mutators have
revealed additional consequences of Polg®*"*, such as increased POLG processivity and
large-scale mtDNA disruptions (Williams e @/, 2010; Ahlqvist e al., 2015b; Macao ¢ al.,
2015; Szczepanowska & Trifunovic, 2015; Nissanka ¢f a/, 2018), which remove mtDNA
mutagenesis as the sole possible culprit. Mutators also showed little molecular evidence
supporting the original model, with linear mutation accumulation (i.e. no exponential vicious
cycle) and lack of significant disruptions in OXPHOS function and ROS signalling in liver,
heart or muscle (Trifunovic e al, 2004; Kujoth e al, 2005; Ahlqvist et al, 2012).
Paradoxically, other POLG defects and mitochondrial models and diseases with high
mtDNA mutational burden can exhibit harsher OXPHOS dysfunction in tissues but do not
present signs of premature ageing (Tyynismaa & Suomalainen, 2009; Gorman e al., 2016).
Altogether, the published evidence indicates that OXPHOS deficiency alone is insufficient
to cause progeroid symptoms and suggests the existence of an additional mechanism taking
place in Mutators.

The Mutator pathogenesis originates in the progenitor/stem cell compartment (Chen ¢# al.,
2009; Norddahl ez af., 2011; Ahlqvist et al., 2012; Wahlestedt ¢z a/., 2014). They share this
feature with other premature ageing mouse models, typically caused by defects that threaten
nuclear DNA integrity (Barlow ¢ al,, 1996; Gu ¢t al., 1997; De Boer et al., 2002; Carrero et
al., 2016). Our results demonstrate that in the replicating cells of Mutators, the POLG defect
causes a nucleotide metabolic rewiring, secondary nuclear replication stress and DNA
damage. The data also locates mitochondria at the centre of nucleotide metabolism
regulation, as a possible sensor of nucleotide availability and usage which can affect the
maintenance of both genomes.

The evidence raises the exciting possibility of a shared mechanism between Mutators and
other premature ageing models: nuclear DNA stress in proliferating cells causes the attrition
of the progenitor/stem cell compartment and thus threatens normal tissue homeostasis (Vijg
& Suh, 2013; Carrero et al., 2016; Wheaton e al., 2017; Schumacher & Vijg, 2019). We
propose that the abovementioned genomic instability mechanism, rather than mtDNA
mutagenesis, is the effector of the progeroid phenotype in Mutators. This provides an
answer to the long-standing debate in the field regarding the lack of premature ageing in
mitochondrial disease and unifies the pathogenesis of murine progeroid syndromes.

The discovery also further emphasises that Mutators cannot be considered proof of the
contribution of mtDNA mutations to ageing, and therefore that evidence supporting the
mitochondrial theory of ageing is still lacking.

The new mechanism was well received into the ageing paradigms (Baumann, 2019;
Schumacher & Vijg, 2019), but it did elicit some debate (Sharma ez a/, 2020). Particulatly,
the nucleotide measurement was criticised, in a report that whole Mutator mouse embryos
do not show dNTP pool changes compared to wildtypes. This was a curious observation,
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however the authors failed to generate comparable data, hampering any accurate
interpretation. Specifically, Sharma ef a/. utilised an HPLC-based methodology for dNTP
quantitation, which is robust but lacks the sensitivity required for mitochondrial ANTP
quantitation which was fundamental in our endeavour. Moreover, they study whole E13.5
embryos as their material. Embryos are indeed composed of mostly proliferating cells, but
they are highly heterogeneous and regulated systems of numerous different replicating and
differentiating cell types. The concentrations of dNTPs vary enormously across cell cycle
phases, cell types and developmental stages (Gandhi & Samuels, 2011; Mathews, 2014;
Pancsa ¢ al., 2022), so data from a whole embryo will be a mere average of innumerable
different populations. Embryonic ANTP pools are typically studied from isolated embryonic
fibroblasts to improve sample homogeneity, which we also originally reported to have more
modest but similar changes as iPSC (I).

In summary, Chabes 7 a/. failed to detect a difference in ANTP concentrations using a less
sensitive methodology, from heterogeneous biological material different to the one we
studied, and limited their analysis to total dANTP pools (Sharma ez a4/, 2020). This
unfortunately cannot be accurately compared to our quantitation of subcellular ANTP pools
from stem cell cultures, resulting in cell-type-, genotype- and organelle-specific significant
changes in different directions which could not be caused by a systematic methodological
flaw.

Our dNTP quantitation method builds on the state-of-the-art protocol developed for
decades focusing on improving the specificity and sensitivity to very low dNTP pools (Traut,
1994; Ferraro et al., 2010; Mart ef al., 2012). Its adaptation to the highly sensitive solid-phase
platform (Suomalainen & Syvinen, 2003) enabled a significant reduction of the processing
steps, together with the possibility to run all replicates and standards in the same plate (I &
Landoni ez al., 2021). Deoxynucleotides are extremely unstable compounds and we have
detected measurable and significant degradation of dANTP pools even upon deep-frozen
overnight storage, so the rapid and effective handling of the sample is critical and will
improve accuracy. Our protocol prioritises the parallel collection of samples to be compared,
and minimises storage and handling, aspects which are often overlooked in other reported
methodologies.

We addressed the concerns from Sharma e @/ on this important topic in a response
publication (Hamaldinen e# a/., 2020), including additional validation data requested on the
polymerase-based method and highlighting our predisposition to collaborate in the
generation of relevant and comparable data. It is noteworthy that the authors’ concerns were
focused on ANTP quantitation, and do not challenge the conclusions of the original report
regarding the mechanisms of the mtDNA Mutator progeroid syndrome (Sharma ez a/., 2020).

Secking to further explore the relationship between increased mtDNA replication and
premature ageing, we boosted replication initiation by overexpressing Twinkle helicase in
Mutator mice and their littermates, resulting in mice with higher mtDNA copy number
(Tyynismaa ez al., 2004; Ylikallio ef a/., 2010). This resulted in an unexpected and fatal heart
failure phenotype during the first week of age in mice carrying the Polg®”™* defect. The
pathology appears to be triggered by a large-scale proteomic and metabolomic remodelling
stalling the heatt’s normal postnatal maturation, consequently causing organismal death. The
relevance of this intriguing phenotype and the insight it provides into the role of mtDNA
replication and integrity in early cardiac maturation touch many fields, discussed below.
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Discussion

Heart disease is the leading cause of death worldwide, but the molecular mechanisms behind
cardiomyocyte loss remain pootly understood. The Polg" " TwOE mice present a unique
opportunity to study and decipher the development of eatly-onset heart disease 77 vivo, which
phenotypically mimics severe human childhood mitochondrial cardiomyopathies typically
caused by defects in mtDNA gene expression (Gotz et al., 2011; Carroll ef al., 2013; Vasilescu
et al., 2018; Jackson et al, 2019). Characterising the molecular processes behind the
Polg" TwOE phenotype and attempting to rescue it may provide invaluable information
for the development of therapeutic possibilities to alleviate and treat such devastating
diseases.

Ferroptosis, and mitochondria-mediated ferroptosis in particular, appear to be pivotal in the
pathogenesis of heart defects such as doxorubicin-induced cardiomyopathy or ischemia-
reperfusion heart injury (Conrad & Proneth, 2019; Fang ez 4/, 2019; Tadokoro et al., 2020).
More recently, mtDNA stress and DGUOK deficiency (causing mtDNA depletion) have
also been linked to ferroptotic death (Guo ¢ al, 2021; Li ez al., 2021). Mitochondrial function
appears to be required for ferroptosis induction (Gao e al, 2019), but whether primary
mitochondrial dysfunction by itself can trigger ferroptosis is under debate (Battaglia e al,
2020; Wang e al., 2020). Our data joins the body of evidence associating heart failure to
mitochondrial ferroptosis signalling (as highlighted in figure 16E). The detection of Hdde3
responsiveness to PolgP>"™
(Ding et al., 2020). This was further supported by the induction of Gpx4, its regulators and
glutathione synthetic enzymes, the central system responsible for lipid ROS and ferroptosis
mitigation (Cao & Dixon, 2016), alongside the metabolomic findings showing consistent

alleles suggested a sensitisation of the cardiac cells to ferroptosis

changes in cysteine metabolism and the prioritisation of glutathione biosynthesis.

Consistent with the iron-dependency of ferroptosis (Dixon e7 al., 2012), iron metabolism is
also dysregulated in Polg"""TwOE heatts, with its transport and storage mostly down and
iron releasing systems upregulated. Notably, the heme catabolic enzyme Hmox1 (or HO-1)
has been reported as the major perpetrator of iron release in ferroptosis-mediated cardiac
cell death (Tadokoro e al.,, 2020). Hmox1 is strongly upregulated in Polg"TwORE hearts,
while the rate-limiting heme synthetic (and iron-chelating) enzymes Alasl and Fech are
downregulated, suggesting the unopposed release of heme iron (Ajioka ef af., 2006; Fang e
al., 2019). Interestingly, Hmox and Alasl are also the main responders to glutathione
depletion in cells (Wang e al, 2021), further emphasising the involvement of
cysteine/glutathione deficiency in these hearts.

Mitochondria and the respiratory chain are both major sinks of iron (as heme and Fe-S
clusters) and the main producers of ROS, especially when the respirasome is dysfunctional
(Murphy, 2009). The general shut down of respiratory chain subunits suggests iron-
containing cofactors remain unbound, and OXPHOS dysfunction will directly lead to
oxidative stress and lipid peroxidation. In addition, cofactor Q10 biosynthesis is strongly
downregulated, likely leading to a deficiency of Q10 both as part of OXPHOS and as a
crucial ferroptosis mitigator (Bersuker ez 4/, 2019; Doll ez al., 2019).

The first week of postnatal maturation is a period of rapid growth, inhibition of glycolytic
and proliferative metabolism, and adaptation to new energy sources and oxidative
metabolism (Pohjoismiki e af., 2013b; Pohjoismiki & Goffart, 2017; Lalowski e a/., 2018).
Furthermore, it is the critical period for the polyploidization of mature cardiomyocytes and
the loss of cardiac regenerative capacity (Soonpaa ¢ al, 1996; Uygur & Lee, 2016). Our
results indicate that mitochondrial DNA replication stress can hamper normal cardiac
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metabolic maturation, resulting in a proteomic landscape resembling that of embryonic
hearts, triggering ferroptosis signalling, and leading to the failure of the heart. In addition,
the data raise the question of whether this pathway is shared by human mitochondrial
childhood heart diseases. If so, they suggest the potential usefulness of ferroptosis inhibitors
or scavengers in the prevention and treatment of such devastating disorders, an exciting
possibility to be explored further.

The analysis of mtDNA integrity did not provide information directly relevant to
understanding the pathology, as the mice cartying a single Polg”*™ defect were similarly
affected upon Twinkle overexpression but without detectable mtDNA disruptions.
Nonetheless, the detected effects on mtDNA integrity and replication provide important
insight into the interaction between Twinkle and POLG 7 vivo and add to the body of
knowledge deciphering the intriguing process of mtDNA replication.

We originally predicted a mild acceleration of the progeroid symptoms, as the increased
consumption of dN'TPs by enhanced replication could worsen the damage to nuclear DNA
in stem cells. However, Polg"™ TwOE mice did not present signs of an early Mutator
phenotype (except a mild decrease in hemoglobinemia), affected nucleotide metabolism, or
nuclear DNA damage signalling. While surprising, this is perhaps logical as the Mutator
phenotype is the consequence of slow, progtressive, and chronic stress in both genomes. The
distuptions taking place in Polg""“TwOE mice ate acute, severe, and likely cause their death
before any of the gradual damage is detectable.

Finally, the Polg"*"TwOE mice also serve as models for increased mtDNA copy number in
disease, analogous to the published TFAM-overexpressing Mutators (Jiang ez al, 2017).
TFAM ovetrexpression appears to be curative for certain models of mtDNA mutations
(Filograna et al., 2019, 2021) and even rescues the nuclear DNA damage phenotype in
Mutator iPSC (I), although it does so without mtDNA copy number variation in the latter.
Despite other reports interpreting mtDNA copy number as the sole potential cause, our
results suggest the mechanism of TEAM action may be different, likely related to packaging
and mtDNA replication inhibition (Ylikallio e a/., 2010; Farge ez al., 2014; Himdldinen ez al.,
2019; Briiser e# al.,, 2021). The Polg"TwORE mice further emphasise this, displaying how an
active increase in mtDNA copy number in a background of mitochondrial dysfunction can
be highly deleterious. Remarkably, despite Polg®*™* heterozygotes being mostly
asymptomatic, they were similarly susceptible to Twinkle overexpression as their
homozygote siblings. This warns that a comparable intervention may not only worsen a
symptomatic condition but also trigger a defect in an otherwise healthy individual.

In stark contrast to our results, TwOE has been shown to be protective for the heart against
ischemic and genetic defects (Pohjoismaki e a/,, 2013a; Tanaka ez al., 2013; Ikeda e al., 2015;
Inoue et al., 20106), while triggering a mild respiratory chain dysfunction in old mice without
affecting their lifespan (Ylikallio e# a/., 2010; Pohjoismiki ez a/., 2013a). In combination with
our data, this suggests that increased mtDNA replication alongside other potential functions
of Twinkle can be curative, but its combination with certain stressors like accelerated
processivity can be highly deleterious during early life. While the exact mechanisms behind
the consequences of mtDNA copy number modulation are clarified, the field should
proceed with extreme caution when proposing and considering mtDNA boosting
approaches to treat mitochondrial dysfunction or other diseases.
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Conclusions

7 CONCLUSIONS

This thesis explores the sutprising variety of molecular and physiological consequences of
disrupting normal mtDNA replication for the organism.

Firstly, it reconciles the pathomechanism of the mtDNA Mutator mouse with that of other
progeroid syndromes. The apparent simplicity and clarity of Mutators made them one of the
most prolific models in the fields of mitochondrial dysfunction and ageing. Nonetheless,
accumulating data highlighted its inconsistencies with the established paradigm, as well as
revealed additional consequences of the defective POLG. The data in this thesis provide a
probable answer to those uncertainties and add new data and perspective to the thousands
of papers discussing the model. Even if the mtDNA Mutator mouse is not a disease model
per se, it has been crucial to understand the diverse consequences of mitochondrial
dysfunction and discover the many roles of POLG and its exonuclease domain. Our data
joins the long list of discoveries arising from Mutators, clarifying and unifying the causes of
premature ageing and opening the door to new questions regarding the role of mtDNA
mutations and replication in cellular signalling and metabolic regulation.

The thesis also presents a development on the state-of-the-art ANTP quantitation method,
leveraging a methodology published two decades ago to circumvent the somewhat absurd
challenge of commercial discontinuation of materials. The process nicely exemplified the
stepwise nature of scientific progress and endured the scrutiny of the scientific community
through traditionally published commentaries, personal discussion and appraisal, and even
deliberation over social media.

The final project of this thesis attempted to further confirm the previous claims, while also
serving as an opportunity to test a novel paradigm: that more mitochondrial DNA is
beneficial against mitochondrial dysfunction. The data demonstrates that increasing mtDNA
amount by replication (overexpressing Twinkle) can have unexpected and highly damaging
consequences in mice with mild or severe mtDNA defects (heterozygote and homozygote
Mutators respectively). It presents the detailed characterisation of those consequences:
functional, genetic, and molecular. The results indicate that the interaction of two stress
pathways arising from the manipulation of mtDNA replication is halting normal
cardiomyocyte maturation, stalling metabolic development in a pseudo-embryonic state, and
rendering the hearts vulnerable to oxidative damage, which together likely cause the failure
of the system.

The first significance of the data is to caution about the danger and unpredictability of
manipulating such an intricate system, and the need for a deeper understanding before the
translation of any mtDNA-boosting therapy to the clinic.

The second set of conclusions is significantly more optimistic. The surprisingly severe
pathology presents an equally unexpected opportunity: that of studying eatly
cardiomyopathy 7z vivo and dissecting the contributions of each involved protein and
metabolic pathway in the process. Future research in this direction will reveal if the
Polg"TwOE heart disease has similarities and relevance for the pathogenesis of human
cardiomyopathies and whether therapeutic targets could be identified. In the meantime, I
am tempted to predict that the mechanisms unveiled will drive us closer, even if ever so
slightly, to understanding and curing these devastating disorders, an endeavour I am proud
and grateful to have contributed to.
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Finally, this thesis is a testament to three crucial parts of science: serendipity, curious
scepticism, and fundamental research. On serendipity and randomness, every single project
presented is at least partially a consequence of an unexpected event or result which was
wielded for the better. Despite careful planning, being attentive and open to change and
adapt in light of new data is what brought us to the most interesting results.

Secondly, the importance of fundamental research. Although in the shadow of applied and
impactful results, none of the discoveries we talk about today would be possible without the
herculean efforts of fundamental scientists. All the models included in this thesis fall in that
categoty, as they do not directly reflect human disease. Nonetheless, what we can learn from
them has an impact that goes beyond themselves, pushing our knowledge further and
building the shoulders for future ground-breaking discoveries to stand on.

Lastly, with curious scepticism, I refer to the importance of constructively challenging what
we think we know. Inspired by new information and puzzling patterns and inconsistencies,
this thesis revisits several reputable paradigms, testing and developing them into something
that is hopefully closer to the truth. Even the most established models and theories are
simply human interpretations of data, and science only evolves as these concepts survive or
adapt to the contest of new evidence. As a human endeavour, science is a prisoner to all our
defects, simple wotld views, biases, greed, and ambition, as well as a problematic history.
We must actively strive to fix those issues and constantly challenge and improve the
structures, ensuring they adapt to the rapidly evolving and highly interconnected world of
new, diverse, and nuanced knowledge we live in.
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