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Propositions belonging to the thesis:

The impact of the mitochondrial bottleneck on mtDNA disease risk
and embryogenesis — Studies in humans and zebrafish

1. Due to biological variation in the bottleneck, every woman has a risk
to give birth to a child with a mitochondrial DNA disease (this thesis).

2. Positive selection is active during the segregation of mitochondria
(this thesis).

3. Errors made by the mitochondrial polymerase POLG can explain the
high de novo mitochondrial DNA mutation frequency (this thesis).

4. Mitochondrial DNA patients are victims of evolution (this thesis).

5. Scientists should learn from journalists how to communicate science,
in order to win the public debate (valorization).

6. Mathematicians will take over biology.

7. Targeting mitochondrial metabolism is a new option for cancer
therapy.

8. Nothing in biology makes sense except in the light of evolution (T.
Dobzhansky).

9. In het leven van ieder mens komen ogenblikken voor waarop hij tot
zichzelf zegt: “Tsja, dat kan niet.” En dan déet hij iets (Erik Hazelhoff
Roelfzema, Soldier of Orange).

10. Truth like a cow: in the Netherlands, only fans of PSV can look
upstairs in Europe (translation inspired by Louis van Gaal).
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Stellingen behorende bij de thesis:

The impact of the mitochondrial bottleneck on mtDNA disease risk
and embryogenesis — Studies in humans and zebrafish

1. Door biologische variatie in de bottleneck loopt elke vrouw het risico
te bevallen van een kind met een mitochondriéle DNA aandoening
(dit proefschrift).

2. Ervindt positieve selectie plaats tijdens de segregatie van
mitochondrién (dit proefschrift).

3. Fouten gemaakt door het mitochondriéle polymerase POLG
verklaren de hoge frequentie waarmee de novo mitochondriéle DNA
mutaties worden gevonden (dit proefschrift).

4. Patiénten met een mitochondri€le DNA mutatie zijn slachtoffers van
de evolutie (dit proefschrift).

5. Wetenschappers moeten van journalisten leren hoe wetenschap te
communiceren om het publieke debat te winnen (valorisatie).

6. Wiskundigen zullen de biologie overnemen.

7. Het aanpassen van het mitochondriéle metabolisme vormt een
nieuwe mogelijkheid voor kankertherapie.

8. Nothing in biology makes sense except in the light of evolution (T.
Dobzhansky)

9. In het leven van ieder mens komen ogenblikken voor waarop hij tot
zichzelf zegt: “Tsja, dat kan niet.” En dan doet hij iets (Erik Hazelhoff
Roelfzema, Soldaat van Oranje).

10. In Nederland houden alleen supporters van PSV aansluiting bij de
Europese top.
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General introduction

Mitochondrial disorders and inheritance

Defective mitochondrial function is associated with a wide range of clinical
manifestations, including encephalopathies, myopathies and cardiomyopathies. This
is not surprising given that mitochondria are, amongst others, responsible for the
production of the majority of cellular energy (such as adenosine triphosphate (ATP)).
As the brain, skeletal muscle and heart are organs with high energy demands, these
organs are specifically sensitive to dysfunctional mitochondria. Mitochondrial diseases
are often multi-systemic, as in the MELAS (Mitochondrial Encephalomyopathy, Lactic
Acidosis, and Stroke-like episodes) syndrome, which is characterized by several
neurologic manifestations, but the same genetic defect can also lead to cardiac
conduction defects, diabetes mellitus, deafness, short stature, myopathy, renal failure
and gastrointestinal disturbances'. In some cases, mitochondrial disease can affect
only a single tissue, such as the optic nerve in Leber’s hereditary optic neuropathy
(LHON). In fact, any organ can be affected at any age, depicting the high variability
of manifestation of mitochondrial disorders. The underlying genetic defect generally
causes a deficiency of the oxidative phosphorylation (OXPHOS, Figure 1.1), the
terminal component of mitochondrial energy metabolism, and can be present in both
the mitochondrial DNA (mtDNA), which segregates maternally, and in the nuclear
DNA (nDNA), which segregates in a Mendelian fashion. The total prevalence of
adult mitochondrial diseases, caused by pathogenic mutations in either the nDNA or
mtDNA, has been estimated 1 in 4,300 and the minimal prevalence of mtDNA disease
was 1 in 5,0002. Of the mtDNA mutations, ~25% is caused by de novo mutations®. The
extreme phenotypic and genetic variability (Figure 1.1) associated with mitochondrial
disorders hampers clinical practice and diagnosis, as well as the development of
treatment options, which generally do not exist for these patients.

Mitochondrial DNA genetics and inheritance

The mtDNA contains 37 genes, of which 13 are protein-coding. It is a multicopy
genome and cells maintain a high mtDNA copy number. As a result, a mixture of
wild-type and variant or mutant mtDNA generally co-exists in mtDNA patients, a state
referred to as heteroplasmy. mtDNA disease manifests when the heteroplasmy level
exceeds a certain threshold. This threshold is variable and is influenced by, amongst
others, mutation type, tissue type and maternal age (Figure 1.2). Due to the maternal
inheritance, only offspring of female mtDNA carriers is at risk of developing inherited
mtDNA disease. During segregation, the heteroplasmy levels between mother and
children can change considerably*. This is mainly due to a genetic bottleneck thatoccurs
during mtDNA transmission. This is a restriction in the number of mtDNA molecules
transmitted to subsequent generations®, followed by a strong amplification of these
limited founder molecules. In healthy cases, this system prevents the accumulation
of acquired mtDNA mutations and a return to (healthy®) homoplasmy is established
within a single generation*. However, when a female carries a disease-causing
mtDNA mutation this bottleneck can have an adverse effect, resulting in unpredictable
transmission of highly variable heteroplasmy levels (Figure 1.2).
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Figure 1.1 | The genetic and phenotypic heterogeneity of mitochondrial disorders. The
mitochondrial oxidative phosphorylation (OXPHOS) is under dual genetic control, as the proteins for the
OXPHOS machinery lay encoded in both the mitochondrial DNA (mtDNA) and the nuclear DNA. Apart
from complex subunits of the OXPHOS, the nDNA also encodes for genes necessary to assemble the
subunits, genes controlling mtDNA maintenance (e.g. replication), genes controlling mtDNA translations
and genes for indirect OXPHOS proteins. Currently, in total 1,158 nuclear and mtDNA genes with strong
support of mitochondrial localization have been reported’. Mitochondrial disorders caused by a nuclear
gene defect inherit in a Mendelian fashion, while those caused by a mitochondrial gene have a maternal
inheritance pattern. Besides this genetic heterogeneity, mitochondrial disorders can have a wide variety
of clinical symptoms, causing phenotypic variability, as almost any organ can be affected.

The processes underlying mtDNA inheritance are not precisely known, and
different hypotheses have been postulated concerning the mechanism of mtDNA
segregation, which could involve random genetic drift® and/or selection®. Dependent
on the mutation and whether it is familial or de novo, either prenatal diagnosis
(PND) or preimplantation genetic diagnosis (PGD) can be offered to female carriers
of mtDNA mutations to prevent disease transmission. Unravelling the mechanisms
underlying the inheritance of mtDNA mutations are important for understanding and
predicting occurrence, manifestation and transmission of mtDNA mutations and can
lead to improved options for preventing recurrence and to more accurate counselling
of patients and carriers. This may also open up new opportunities to intervene.

12
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Figure 1.2 | Inheritance of heteroplasmic mtDNA mutations. As a cell contains multiple copies
of mtDNA, a mixture of wild-type and variant or mutant mtDNA can co-exist, a state referred to as
heteroplasmy. If a female carries an mtDNA mutation, her offspring can inherit heteroplasmy values
ranging from 0% to 100%, prohibiting accurate predictions of the mtDNA mutations load in the offspring.
mtDNA diseases only manifest if the heteroplasmy level exceeds a disease threshold, which varies
among mtDNA mutations.

Zebrafish models to study mtDNA inheritance

Characterizing the mechanism of mtDNA inheritance in humans has considerable
limitations. It relies mainly on studying the mtDNA load in pedigrees and in a limited
number of available oocytes or embryos from carriers'. Furthermore, population
based epidemiological genetic studies have been performed to estimate the
prevalence and recurrence risk of mtDNA disease? """ 12, but these human studies
do not allow interventions or detailed mechanistic evaluations in significant numbers
of samples. Ample opportunities to study mtDNA segregation are offered through
study studies in animals, ranging from cows* and primates' to ‘traditional’ mice
and rats®. Especially mouse models have been extensively used to study mtDNA
inheritance, and heteroplasmic mouse models have been generated by introducing
polymorphic mtDNA from the NZB mouse into laboratory inbred strains. Subsequently,
the proportion of NZB mtDNA can be measured in different cell types over multiple
generations to study mtDNA inheritance® & ¢ Although human and animal studies
have provided essential knowledge on mtDNA segregation, the picture is still far from
complete and additional models that allow easy and fast evaluation of inheritance
parameters in a large number of samples are still required.
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Chapter 1

The zebrafish (Danio rerio) is a small tropical freshwater fish with a natural
distribution from the Indian peninsula to the Himalayas'’ It is a vertebrate offering
ample opportunities for research, especially as a model for human development and
disease. Zebrafish are generally 3-4 cm when fully grown'® and require little care and
space, resulting in low maintenance costs'®. Being a vertebrate model, nearly all human
organ systems are present in the zebrafish, especially organs frequently affected in
mitochondrial disorders, like the brain, heart and muscle, are well developed?°. Due
to its rapid development, all primary organs are already present after 3-5 days post
fertilization (dpf). As female zebrafish deposit their eggs in the water, males fertilize
the eggs externally and development takes place ex-utero. This makes the embryos
easily accessible for observation and zebrafish embryogenesis is well described’®.
Another striking feature of zebrafish development is the transparency of embryos and
larvae, which greatly facilitates imaging'® 0. The zebrafish model offers opportunities
to apply efficient invertebrate-style genetics to vertebrate-related questions’®, allowing
many forward- and reverse-genetics approaches. Consequently, the zebrafish is
a model system with increasing popularity to study basic developmental, genetic,
fertility, cell biological and biochemical processes, as well as for modelling human
diseases'®.

The nuclear genome of the zebrafish has been sequenced completely and
has revealed that >70% of the human genes have at least one obvious zebrafish
orthologue?'. Regarding the mtDNA, the zebrafish mitochondrial genome contains
the same 37 genes as the human counterpart with ~70% sequence identity, making it
is also a good model to study mtDNA mutations and mtDNA inheritance. The mtDNA
bottleneck is highly conserved within the animal kingdom?2. The zebrafish offers the
possibility to isolate large amounts of the primordial germ cells (PGCs) oocytes and
somatic cells, enabling a detailed mechanistic analysis of the mtDNA bottleneck.

Aims and thesis outline

The mtDNA bottleneck is the predominant mechanism occurring during the inheritance
of the mtDNA in order to prevent acquired mutations to accumulate, thereby keeping
mtDNA mutation frequency at an evolutionary acceptable level and ensuring a
preferentially healthy mtDNA genome being transmitted from mother to child. The
processes underlying the mtDNA bottleneck are still largely unknown. The bottleneck
can have an adverse effect for carriers of heteroplasmic disease-causing mtDNA
mutations, leading to unpredictable, possibly high heteroplasmy levels in their oocytes,
and could possibly explain the high de novo mtDNA mutation frequency. The overall
aim of this thesis is to characterize the processes that underlie mtDNA segregation
through the mtDNA bottleneck and to explain the de novo mtDNA disease risk.
Specific aims are:

e to define the size of the mtDNA bottleneck during transmission;
e toinvestigate the risk of acquiring de novo mtDNA mutations during oogenesis;

e to identify the biological processes that underlie the mtDNA bottleneck and
the (mutation-specific) shifts in mtDNA heteroplasmy levels between mothers
and children;

e to study the effect of a low mtDNA copy number on embryogenesis.

14
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General introduction

In chapter 2 we evaluated the role and importance of the mtDNA and the
mtDNA bottleneck by reviewing the evolution of the mtDNA genome in animals, plants
and fungi. Mitochondria are derived from the endosymbiosis of an alpha-bacterium
and a eubacterium billions of years ago and mitochondria contain their own genetic
material as a result. In almost all species, the mtDNA has uniparental (mostly
maternal) asexual inheritance patterns, which puts the mtDNA genome at risk of
fatal mutation accumulation due to the mitochondrial ROS production, a process
referred to as Muller’s ratchet. To avoid genomic decay and eventually extinction,
solutions to prevent detrimental mutation accumulation have evolved in parallel. The
main mechanism, occurring in all species, is endosymbiotic gene transfer (EGT),
which has drastically reduced the mtDNA genome size in animals, plants and fungi.
Still, all mtDNA genomes display mutation rates that are higher than the nuclear
genome. After the phylogenetic divergence of eukaryotes in animals, fungi and
plants, differences in mtDNA evolution have occurred to cope with the mutational
burden. While in plants the mtDNA mutation rate is kept low by effective ROS defence
and efficient recombination-mediated mtDNA repair, these mechanisms are not or
less-well developed in animals. As a result, the mtDNA mutation rate in animals is
higher compared to plants. This might be evolutionarily favourable, as it allows mobile
animals to adapt more rapidly to changes in environmental conditions in terms of
energy production. The detrimental mutagenesis events in animals are balanced by
a high mtDNA copy number in combination with a purifying genetic bottleneck during
transmission. This purifying bottleneck serves as an important evolutionary mechanism
to prevent mutation accumulation in the animal mtDNA, but the factors defining the
bottleneck or the underlying molecular mechanisms are currently unknown.

In chapters 3-5 we provide insight in the size, timing and mechanisms of the
bottleneck. In chapter 3 we characterized the size and timing of mtDNA bottleneck in
zebrafish, as well as differences between germline and non-germline cells. We used
a transgenic line allowing efficient isolation of (non-)germline cells from zebrafish
embryos at various stages of development and found a strong reduction in the mtDNA
copy number during early embryogenesis. We hypothesized that a low copy at the
bottom of the bottleneck creates an increased risk for de novo mutations reaching
functional significant heteroplasmy values. Therefore, we characterized the de novo
mutation load in relation to the bottleneck size variation in chapter 4. We sequenced
the mtDNA of somatic tissues and oocytes from female zebrafish using state-of-the art
deep sequencing techniques. We compared the maternal somatic mtDNA sequences
with those of her oocytes to identify and quantify the de novo mtDNA mutations.
In chapter 5 we studied human oocytes and embryos of female mtDNA mutation
carriers undergoing preimplantation genetic diagnosis (PGD) to characterize the
biological processes responsible for the rapid shifts in mtDNA heteroplasmy observed
during mtDNA transmission. Apart from fundamental understanding of this process,
this information aids in a better prediction of the recurrence risk for female carriers of
mtDNA mutations. As sufficient mitochondria and mtDNA molecules are essential for
normal embryonic development, healthy fertilization and compensating germline and
somatic de novo mutations, we studied, finally, in chapter 6, the effect of defective
mtDNA replication during zebrafish development by knocking down one of the key
genes initiating mtDNA replication (Tfam). We performed global expression analysis
to identify the underlying pathological mechanisms.

In the general discussion (chapter 7), we discuss how the mitochondrial
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Chapter 1

evolutionary mechanisms, identified in chapter 2, including the mtDNA bottleneck; can
lead to adverse health effects in individuals. As the mtDNA copy number is important
for successful fertilization and embryogenesis (chapter 6), the mitochondria are also
crucial in reproductive biology and medicine. Genetic tools in zebrafish are rapidly
developing and disease models caused by mtDNA mutations could be developed in
order to assess the impact of these mutations, including their genotype-phenotype
relation. Furthermore, the processes that underlie the inheritance and expression
of mtDNA mutations could then be studied in more detail. Such information can be
used for better understanding and counselling of mtDNA disorders, as well as for
the development and testing of novel therapeutic and preventive options for these
devastating diseases.
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Evolutionary origin of and mechanisms in mitochondria

Introduction

Mitochondria are fundamental to the origin of (multicellular) eukaryotes and
provide the eukaryotes with the capability of generating energy, at the cost of high
mutagenesis, partially due to the production of reactive oxygen species (ROS). It
is this high mutation rate that has had a profound impact on the composition and
inheritance of the genetic material within the mitochondria: the mtDNA. This mtDNA is
indispensable for oxidative phosphorylation (OXPHQOS), the process of aerobic ATP
production in the mitochondria as it encodes part of the OXPHOS proteins (Figure
2.1). All other mitochondrial proteins are encoded by the nucleus and are imported
into the mitochondria. The presence of ROS can lead to mutation rates which, in
combination with uniparental, asexual inheritance, would eventually have led to
disappearance of the mtDNA according to Muller’s ratchet, but obviously that has
not occurred. Eukaryotes have developed a variety of strategies to prevent fixation of
mtDNA mutations. Although beneficial at the level of the species, these evolutionary
mechanisms can have adverse effects at the level of the individual. The driving forces
and underlying mechanisms of mitochondrial evolution across eukaryotes most likely
explain how human mtDNA disease and mtDNA-related fertility problems arise and
are being transmitted, and also reveal what approaches could be undertaken for
treatment and/or prevention.

Mitochondria: function, origin and evolution

Mitochondrial metabolism and oxidative phosphorylation (OXPHOS)

Mitochondria are powerhouses producing the majority of cellular energy (Adenosine
Triphosphate; ATP) inside the mitochondrial double membrane. The number of
mitochondria within a cell can vary depending on the energy demand of the specific cell
type. Although energy production is the main function of mitochondria, other cellular
processes, such as heme synthesis, cellular apoptosis and calcium homeostasis, are
also carried out by mitochondria.

Aerobic generation of energy is a multistep processes ending with oxidative
phosphorylation (OXPHOS; Figure 2.1). NADH and FADH, drive the OXPHOS system
which is embedded in the mitochondrial inner-membrane and which consists of five
enzyme complexes (I-V) and two electron carriers: coenzyme Q and cytochrome
¢ (Figure 2.1). NADH and FADH, donate electrons to and thereby reduce complex
I (NADH) or complex Il (FADH,) which are re-oxidized by the electron carrier co-
enzyme Q. The chain of oxidation and reduction events and electron transfer is
continued through complex lll, electron carrier cytochrome ¢ and complex IV. The
energy released during this process is used by complex I, Ill and IV, but not I, to
transport protons (H*) from the mitochondrial matrix into the inter-membrane space.
Finally, these protons flow back across the membrane through complex V, leading to
the production of ATP out of ADP and inorganic phosphate (Pi). The ATP is transported
out of the mitochondrial matrix into the cytosol by the adenine-nucleotide transporter
(ANT1)", where it can be used as an energy source (Figure 2.1). The process of
OXPHOS is well-conserved, especially the core subunits? 3, although some species
lack complex I, e.g. most yeast*.
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Figure 2.1 | Mitochondrial ATP production. ATP generation processes inside mitochondria and
the production of ROS. Carbohydrates are broken down by glycolysis, resulting in ATP as well as
pyruvate, which can be transformed into acetyl-CoA. Fatty acids (FAs) are biochemically dissimilated
by mitochondrial beta-oxidation, which also results in acetyl-CoA. This acetyl-CoA is the substrate for
the Krebs cycle, where the acetyl-group is donated to oxaloacetate, generating citric acid, which is
dissimilated stepwise during the Krebs cycle resulting in ATP generation and production of the reducing
agent NADH. NADH is also produced during the beta-oxidation along with FADH,, another reducing
agent. These reducing agents drive the process of ATP production by OXPHOS. ROS are produced as
by-products of the OXPHOS and can damage the mtDNA.

Evolution of mitochondria

Originally, mitochondria were free-living prokaryotes but more than a billion years
ago an endosymbiotic event made the free-living bacterium part of what became a
eukaryotic cell®. It is unknown whether the symbiosis was immediately beneficial for
the host. According to a recent theory, the mitochondrion originated from an obligate
intracellular bacterium that parasitized on the energetic capabilities of its host due to
its moderate OXPHOS capacity®. However, during evolution mitochondria changed
from being a parasite into a central mutualistic organelle.

Ithaslong beenthoughtthatthe benefitforthe anaerobic host, anamitochondrial
eukaryote (or archezoan), was the acquired ability to detoxify oxygen’; this hypothesis
is known as the archezoan theory®. However, the absence of amitochondrial
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eukaryotes® and early phylogenetic studies suggest that the archezoan theory is
incorrect. Eukaryotic star-like-trees exist, composed of a few large hypothetical
eukaryotic subgroups, each consisting of primarily microbial eukaryotes that radiated
at the same time'°. This fits with an alternative hypothesis, the symbiogenesis theory?,
which, although the mechanism of endosymbiosis is unclear, suggests a prokaryotic
rather than a eukaryotic host. Instead of detoxification of oxygen, hydrogen-dependent
ATP production was the eventual fundamental force for the symbiotic association
between an anaerobic (hydrogen dependent) archaebacterium (the host) and a
respiring, facultative anaerobic eubacterium (the symbiont) that generated hydrogen
as waste product'. The symbiogenesis theory is revolutionary, since it further implies
that eukaryotes evolved integral, instead of prior, to mitochondrial endosymbiosis,
as was generally accepted within the archezoan theory. The symbiogenesis theory
also explains the ubiquitous and diverse nature of mitochondrial organelles” '2.
The divergence of anaerobic mitochondria and mitochondria-related organelles, in
combination with the widely accepted view that the symbiotic event occurred only
once (since all known eukaryotic groups contain a preserved set of homologous
genes in their mitochondrial DNA), can only be explained if the mitochondrial host
was of anaerobic prokaryotic origin”.

Regardless of the founding theory, it is therefore without doubt that the
mitochondrion itself is of prokaryotic origin. Prokaryotes lack a nucleus and
organelles and their genetic material is soluble and located in the volume created by
the cell membrane. Although the exact mitochondrial ancestor is unknown, a recent
phylogenetic study has assigned this proto-mitochondrion to the class of alpha-
proteobacteria®. Mitochondria are small compared to their alpha-bacterial ancestors
and the Rickettsia species seems to be the closest relatives of mitochondria, with
a genome of 1 Mb (Table 2.1), containing all the homologous genes needed for
OXPHOS™.

Animal, plant and fungal mitochondrial genomes

The mitochondrial genomes of animals, plants and fungi (Table 2.1) display a strong
reduction in gene number and genome size during evolution. Most of these changes
occurred between the bacterial ancestor and the Last Eukaryotic Common Ancestor
(LECA) and are the result of both losses of alpha-proteobacterial genes, alongside
with endosymbiotic gene transfer from the alpha-proteobacterial DNA to the nucleus.
The net result is that mainly genes encoding proteins involved in energy metabolism
and translation are maintained?®, at the expense of, for example, genes for repair and
recombination of DNA. Although most of these changes occurred very early during
mitochondrial evolution, before the radiation of eukaryotes, subtle proteome evolution
still occurs®® and, basically, the mtDNA is unique for each species and tailored for
its specific nuclear background. As a result, mitochondria are not functional across
species (further discussed under ‘Human mitochondrial diseases’).
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Table 2.1 | Sizes and gene count of some pre-mitochondrial and mitochondrial genomes.

Genome | Size (Potential) | Specific remarks Ref.
genes
a-proteobacteria
B. japonicum | nuclear |9,1 Mb 8,317 | 43% similar to M. Loti 15
M. loti nuclear |7 Mb 6,752 15
C. crescentus |nuclear |4 Mb 3,767 16
R. prowazekii |nuclear |1 Mb 834 | all homologous genes 14; 17
for the ATP system
Early eukaryotes (animal relatives)
R. americana | mt 69,034 bp 97 | largest known mt gene 18
content
M. brevicollis | mt 76,568 bp 55 19
A. parasiticum | mt 0.3-8.3 53 | contains sets of mt 19
kbp chromosomes
Animals
C. elegans mt 13,764 bp 36 | lacks ATPase8 gene 2
X. laevis mt 17,553 bp 37 | Larger displacement 20
loop (D-loop)
M. Musculus mt 16,299 bp 37 21
B. taurus mt 16,338 bp 37 22
S. scrofa mt 16,613 bp 37 23
H. sapiens mt 16,569 bp 37 24
0. mt 16,644 bp 37 25
tshawytscha
D. rerio mt 16,569 bp 37 26
Plants
M. viride mt 42,424 bp 65 | a green algea (before 27
plant diversification)
A. thaliana mt 366,924 57 28
bp
M. polymorpha | mt 186,400 94 29
bp
Curcubitaceae | mt 2,400 kpb ? 30
sp.
Fungi
R. anserina mt 100,314 81 | contains 16 introns 31
bp
S. commune mt 49,704 bp 49 | contains no introns, no 32
repeat sequences
S. cervisae mt 85,779 bp 46 33
24

505688-L-sub01-bw-Otten
Processed on: 3-10-2016




Evolutionary origin of and mechanisms in mitochondria

H. uvarum mt 18,884 bp 33 | shortest fungal mito- 34
chondrial genome,
linear

C. alblicans mt 40,420 bp 45 | almost no recombina- 35
tion

The mtDNA has a genetic code, which differs from the genetic code in the
nucleus (NCBI: http://www.ncbi.nim.nih.gov/Taxonomy/Utils/wprintgc.cgi). These
differences arose during evolution after endosymbiosis. For example, in metazoan
mitochondria the UGA codon is allocated to Tryptophan, while it serves a stop-codon
in the nucleus, indicating that this codon reassignment has occurred within a common
ancestor of Metazoa . Likewise, the AGN, AUN and AAN codons changed during
metazoan evolution. The characteristics of the transfer RNAs (tRNAs) restrict the
manner in which codes can change®” and it seems that endosymbiotic gene transfer
continued until, although roughly estimated, the UGA codon was switched from a stop
codon to amino acid coding in the animal and fungal line3® 3°. A number of proteins
from alpha-proteobacterial origin were lost and replaced by host proteins as part of
the process of non-orthologous gene displacement®, giving some species special
types of proteins that are absent in others, depending on when and how the event
occurred during evolution.

Crucial in the development of mitochondria as intracellular organelles was the
acquisition of a system to import proteins from the cytosol into the mitochondria*'. This
system facilitated both expansion of the mitochondrial proteome and mtDNA genome
reduction, since nuclear-encoded proteins can be imported into the mitochondria
(Gabaldon and Huynen, 2004). Acquisition of the ATP/ADP transporter to release
mitochondrial-produced ATP into the cytosol gave the mitochondria their crucial
position as powerhouses*2. Together, gene loss, replacement, transfer and acquisition
have made modern mitochondria separate from their alpha-proteobacterial ancestors.

Animals

Animal mitochondrial genomes have some important unique characteristics. First,
the mtDNA underwent the most extensive genome reduction, resulting in a compact
genome, ranging from 13,764 bp in c. elegansto 17,553 bp in x. laevis (Table 2.1), with
only 14-16% of the proto-mitochondrial (apha-bacterial) proteome still present?. Some
structural OXPHOS subunits and the necessary protein synthesis genes remained in
the mtDNA in higher animals, whereas the other genes were either transferred to
the nucleus or lost due to the presence of genes with similar function in the nuclear
genome (Adams and Palmer, 2003). In almost all animal species, including humans,
the mtDNA contains only 37 genes, of which 13 are protein-coding genes, 2 encode
ribosomal RNAs (rRNA) and 22 encode transfer-RNAs (tRNA)* (Table 2.1). Since
tRNAs cannot be imported from the cytosol into the mitochondria, the tRNAs needed
to translate the (different) genetic code are encoded by the mtDNA itself*”. Secondly,
animal mitochondrial genomes contain no introns and few repeat sequences*. As a
result, animal mtDNAs show only limited signs of recombination*. Thirdly, animals
maintain a high mtDNA copy number (Table 2.2). A cell can contain over 500-1,000
mtDNA molecules, depending on the energy demand of a cell*>. In oocytes, the
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mtDNA copy number is highest, ranging from 100,000 to 14,000,000 copies. A fourth
feature of animal mitochondrial genomes is its exclusive maternal inheritance, as
sperm mitochondria are actively degraded*® by proteasomal (ubiquitin) and lysosomal
(mitophagy) degradation pathways, during which ubiquitin-binding receptors might
serve as mitophagy receptors; this mechanism is most likely prevalent amongst the
animal taxa (extensively reviewed in 47 “¢). Finally, gene replacement and transfer
have led to several genes being unique to the animals (Metazoa) or to animals and
fungi (Ophistokonta) (see Table 2.1 from %), an important one being the nuclear-
encoded DNA polymerase gamma genes (POLG and POLG2), which have replaced
the bacterial genes dnaN, dnaE en dnaQ. POLG is the only polymerase found in
mammalian mitochondria and is of viral origin due to gene exchange*.

Table 2.2 | Features of the mitochondria and mtDNA in animals, fungi and land plants

Animals Fungi Land plants
Compaction of mtDNA + +/- -
Average number of genes 36-37 30-80 50-100
Gene order conservation + - +/-
mtDNA size (typical) 13-17 kb 20-100 kb 180-400 kb
Introns, repeat elements and - + +
recombination
Copy number High Intermediate? Low
Type of inheritance Maternal Paternal, maternal Maternal

and biparental
Antioxidant system +/- +/- +
Plants

Plant mitochondria differ from their animal counterparts in a number of ways. Firstly,
genome reduction was less pronounced and more variable in the plant mtDNA,
which can contain over 100 genes?. In addition, several genes that were transferred
during animal evolution are retained in plant species, like the complex Il genes sdh3
and sdh4?" 28, Especially the mtDNA size of land plants differs from animal mtDNA,
ranging, on average, from ~180-370 kb, with some extreme exceptions (Table 2.1).
Non-coding DNA was inserted in the mtDNA after the evolutionary branching of the
land plants, since the common ancestor was gene rich and contained little introns®
and this resulted in the presence of repeated segments, introns, intronic Open Reading
Frames (ORFs), and incorporated foreign DNA of plastid, nuclear or plasmid origin?:
51 With all these features, the mtDNA genomes of plants resemble, unlike their animal
counterparts, the size-relaxed nature of a nuclear genome, including recombination
events, which give plants the ability to possess sub-genomic molecules variable in
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size®2. Therefore, no universal mtDNA copy number exists in plants, but there are
differential gene copy numbers, as assessed by four mitochondrial genes that differ in
their copy number from each other and amongst tissues in the Arabidopsis species®.
Similar to animals, the predominant mode of mitochondrial inheritance is maternal*,
governed by a variety of mechanisms, including methylation and/or zygote-specific
gene expression?’.

Important for plants is the presence of another endosymbiont, the chloroplasts.
Its key function, photosynthesis, generates carbohydrates and ATP from sunlight and
water, which is the main energy source for chloroplast-containing organisms, while
mitochondria are the main energy source (due to respiration) for organisms without
chloroplast. Mitochondria are still indispensable in plants for chloroplast function
and provide an alternative respiratory pathway for metabolic flexibility during stress
(e.g. high ROS, cold, drought®). Alternative oxidase (AOX) in plant mitochondria is
then upregulated, to circumvent complex Il and IV of the oxidative phosphorylation,
accepting carbons directly from the TCA cycle®, thereby reducing ROS damage.
Furthermore, plants harbour two non-proton-pumping NAD(P)H dehydrogenases,
which are activated during stress® ®. Finally, in plants the nuclear-encoded MSH1
gene is a unique property of the species, since it is the result of the fusion between
a bacterial DNA-repair homologue of MutS and an endonuclease. It seems that this
gene has enabled plants to have recombination-mediated repair of the mtDNA®%". As
in animals, acquisition of genes can be restricted to the clade of plants.

Fungi

Animal and plant mitochondria have been studied extensively, while their fungal
counterparts are much less-well described. Although fungi are evolutionary more close
to animals than plants, their mtDNA contains many plant characteristics. The presence
of introns, which can be up to 5 kb in length%, explains the differential size seen in
fungal mtDNA, which ranges on average from 20-100 kbp, with some large exceptions
(Table 1). The appearance of repetitive elements in introns give fungal mtDNAs their
recombination capabilities®, which partly explains the enormous variation in gene
order among fungal mtDNAs®-, |t is not clear whether fungi have a mitochondrial
DNA copy number comparable to animals. However, since recombination is present,
it is expected that their copy number can be regulated in a similar fashion as in plants
and that sub-genomic mtDNA molecules will exist. Fungi are less complex eukaryotes
with no strict energy requirements and, although they contain no chloroplasts, fungi
are not as dependent on carbohydrates and lipids as animals. Instead, fungi display
a high degree of versatility in their metabolic demands and also use different organic
substrates, which can be as simple as nitrate or ethanol. Fungi are scavengers and
feed on nutrient molecules from others and secrete digestive enzymes to the exterior
to digest any nutrient that is available. The net result is that fungi are less dependent
on mitochondria than are animals, but more dependent than are plants due to the
absence of chloroplasts.

The mtDNA inheritance of fungal mitochondria is complex, with no universal
mechanism of inheritance, allowing both uniparental and biparental inheritance*. In
yeast, an almost equal contribution of mitochondria from both parents contributes
to the zygote®'. Some fungi have biparental inheritance of mitochondrial plasmids
(small extragenomic mtDNA molecules) that retain parental mtDNAs®2. Fungal
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mitochondria are considered as somewhere in between the evolution of plant and
animal mitochondria.

Summary

Although most mtDNA changes appear to have taken place before the radiation of
the eukaryotes, the evolutionary paths of mtDNA among the main eukaryotic clades
could not differ more (Table 2.2). In the next part of this chapter, we will focus on how
these differences have evolved and what the impact is on mitochondrial biology for
humans in health and disease.

Evolutionary mechanisms in mitochondria

Mutations in the mtDNA: Muller’s ratchet and mutational meltdown

Asexual populations accumulate detrimental mutations according to Muller’s
ratchet®®%, because the accumulation is irreversible due to the absence of mutation-
recovering mechanisms, such as sexual reproduction and recombination-mediated
repair, eventually decreasing the fitness of a population® ¢-68, Extensive modelling®®
and laboratory experiments provide evidence for the existence of Muller’s ratchet and
its potential for decreasing fithess by a mutational meltdown®*. Muller’s ratchet explains,
for example, the high incidences of non-synonymous mutations in Caenorhabdlitis
briggsae™ and the degeneration of the neo-Y-chromosome in Drosophila miranda™.
Such degeneration has also been discussed for the mammalian Y-chromosome™.

Muller’s ratchet in mtDNA

The mtDNA is an asexual population, being inherited maternally in animals and plants,
making this genome also prone to the detrimental consequences of Muller’s ratchet.
Following the path of evolution, the endosymbiosis of the mitochondria allowed an
increased level of cellular energy and the expression of a substantially larger number
of proteins in eukaryotes than in prokaryotes® 73. This increased energy is produced
by OXPHQOS, during which electrons leak to O, and produce reactive oxygen species
(ROS), like superoxide™. This ROS toxicity arose simultaneously with the symbiosis
event and the integration of metabolic pathways even enhanced the ROS production,
that originally served as a cellular response at the outskirts of the (possibly parasitic)
bacterium, also observed during plant-pathogen interactions™ and in infected HelLa
cells”. While unicellular eukaryotes have low energy consumption and subsequent
less ROS production, the symbiosis event and the development of multicellularity
brought the ROS-producing endosymbiont inside the eukaryotic cells, exposing
the newborn eukaryotic (multicellular) organisms to a high and detrimental ROS-
induced mutagenesis level. This increased mutation pressure, in combination with
the limited action of recombination, e.g. in mice’® and humans’®, implies an increased
vulnerability of mtDNA to a mutational meltdown. Indeed, in mammals, the mutation
rate in mitochondria is much higher than in the (recombining) nucleus®. Muller’s
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ratchet in mitochondria has been quantified®’ and molecular proof exists for the
process in mitochondrial transfer RNAs, which accumulate mutations more rapidly
compared to their nuclear counterparts®.

If Muller’s ratchet could not be counteracted, the inevatible consequence of
its genomic decay is extinction of species. However, mtDNA and eukaryotes are still
present today, suggesting solutions for preventing detrimental mutation accumulation
and subsequent declines in reproductive fitness, which, in the context of mtDNA, are
specific mechanisms.

Mitochondrial evolutionary mechanisms to balance high mutation loads

One of the parameters determining the rate of mutation-related decline in fitness
is the rate at which these mutations are introduced. In animals, this mutation rate
is much higher (up to 100x in mammals) compared to that in plants. In mammalian
mitochondria, the mutation rate is ~25x higher than in the nucleus, whereas in plants
this difference is much lower®”. Fungal mutation rates are more similar to plants.
A higher mutation rate in the mtDNA in animals might reflect a higher adaptive
capacity to balance mitochondrial energy and heat requirements with respect to the
environment®. Plants lack this adaptive need, since they typically live in restricted
ecological niches, can rely on both mitochondria and chloroplasts for their energetic
needs and they can survive as seeds, which animals cannot. Fungi share this feature
of plants by the production of spores and are also less dependent on mitochondria due
to their metabolic versatility. A higher mutational rate will generate mutations of any
type, meaning that higher adaptive capacities are at the cost of a higher detrimental
mutation load and a higher risk for mutation accumulation.

Several mechanisms have evolved to prohibit mutation accumulation: mutation
prevention, diluting the chance of acquiring mutations, and recovery of mutations
(Table 2.3). Where endosymbiotic gene transfer (EGT) was an effective general
mechanism to lower mutation accumulative effects, species-specific mechanisms
also exist, underlying differences in mutation rates, as well as differences in the
mtDNA composition among species.

Mutation prevention: endosymbiotic gene transfer and antioxidants

As mentioned above, a general way to avoid mutation accumulation is moving the
mtDNA genes to the nucleus, which is achieved by EGT, which had already occurred
in the LECA. Changes in the mtDNA genome from this point resulted in the specific
characteristics of modern mitochondria in different species. The early evolutionary
pressure was likely to be very high, since EGT occurred at high rates in all eukaryotic
species®, despite being very complex and involving, for example, acquisition of a
transit-peptide to re-access the mitochondrion. This is corroborated by the fission of
several mitochondrial proteins, indicating that even the transfer of only a small part of
a gene is favoured, as illustrated for the hydrophilic c-terminal portion of cytochrome
c oxidase subunit 1 gene (COX1; a subunit of complex V). It is conceivable that
gene redundancy together with mitochondrial ROS-mediated high mutations rates
drive EGT. Since the nucleus is less prone to mutations, because of its protection by
histones and extensive repair and recombination, EGT is a successful tool to reduce
mutation loads. The higher degree of EGT observed in animals, might therefore be
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a reflection of the higher mutation rate of animal mitochondria. However, EGT was
not completed and mtDNA has remained in all species, most likely for biochemical
reasons (the combination of extreme hydrophobicity of the mtDNA-encoded proteins,
precluded easy import in the mitochondria) and the introduction of differences in the
genetic code (as with the UGA codon)®. Mutation accumulation risk might not be
the only evolutionary force that contributed to EGT. Selection for small organellar
genomes might also be involved, having a replicative advantage, as the mtDNA size
is linked to the time and energy that is needed to complete mitochondrial duplication®®,
and the level of metabolic efficiency®.

The evolutionary role of ROS is obvious from the evolvement of additional
eukaryotic mitochondrial capabilities to mitigate the disadvantages of ROS production.
These include 1) the peroxisomal breakdown of fatty acids (FAs) which normally
render a lot of ROS, 2) the uncoupling of protons without the formation of ATP and
ROS, 3) a shuttle that ensures high concentrations of the antioxidant carnitine and 4)
the breakdown of dysfunctional ROS-producing mitochondria by mitophagy-mediated
mitochondrial quality control”®87:8, Mutation rates introduced by ROS can be further
lowered by the presence of antioxidants. Especially in plants and fungi, these systems,
such as the AOX-system during stress conditions in plants, are upregulated so that
they scavenge most of the ROS that is produced.

Diluting the target: high copy number or introduction of non-coding DNA

Plants and fungi have incorporated stretches of DNA that allow recombination-
mediated mtDNA repair (a feature that is almost absent in animals) so protein-
coding parts are less likely affected. Animals achieve this by maintaining a multi-copy
genome (typically > 500 copies / animal cell). A high copy number ensures that not all
genes can be affected by a mutation at the same time, leaving fully functional sets of
proteins always present. Mammalian mtDNA copy numbers are highest in oocytes,
typically above 100,000 copies, but vary among different animal species (Table 2.4).
There seem to be three classes: in the first class, represented by humans, mice
and rats, oocytes can have an mtDNA copy number between 100,000 and 200,000
copies, although some outliers are found. Second, for example in bovines, sheep and
pigs, the mtDNA counts of oocytes are typically above 300,000, but below 1,000,000
copies. The final class, represented by salmon and zebrafish, have the highest mtDNA
copy numbers of several millions genomes.

An explanation for this variation might be the different implantation patterns
among the species or even the lack of implantation. Implantation has been classified
into three categories: centric, eccentric and interstitial®®, based on the different
types of interactions between blastocysts and uterine cells. Centric implantation is
characterized by a large expansion of the blastocyst before implantation, followed
by fusion with the luminal epithelium®. Bovines, sheep and pigs have this type of
implantation. Mice and rats, on the other hand, have an eccentric implantation pattern,
where the luminal epithelium forms an invagination to surround the trophoblast. The
human implantation pattern is interstitial as the trophoblast passes through the luminal
epithelium to invade the endometrial stromal and become imbedded into the wall of
the uterus®®. A fourth group consisting of for example salmon and zebrafish, have
no implantation at all. Another factor can be the speed at which implantation occurs.
Rats, mice and humans have an immediate, fast implantation, with immediate access
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to high levels of nutrients within the female reproductive tract that can be utilized by
the embryo®!, whereas at the other end of the spectrum, as in salmon and zebrafish,
implantation is absent. The class with bovines, sheep and pigs are in between with
a more delayed implantation. A high copy number in oocytes is needed to distribute
mtDNA molecules over the daughter cells in the absence of mtDNA replication
during early embryogenesis®? % and the differences in copy number between species
could be, although speculative, a reflection of different energetic needs during early
development in animals. These energy needs range depending on whether there
is a rapid direct access to the maternal blood supply, as in humans (lowest mtDNA
copy number), delayed access (intermediate mtDNA copy number), or a complete
dependence on their own energy storage from the yolk-sac during the whole of
embryogenesis®, as in fish (highest mtDNA copy number). The longer implantation is
delayed, the higher the energy demand is for the pre-implantation embryo, being most
extreme when implantation is completely absent (as in most cold-blooded species).

Mutation recovery: recombination-mediated repair

The last class of evolutionary mechanisms aims to remove or repair mtDNA
mutations. For this, plant mtDNA undergoes recombination, mediated by repeat
sequences, while animal mtDNA does not or has only limited recombination. Repeat
sequences cause ectopic recombination, a potential harmful feature that can disrupt
coding frames and gene expression, generating an additional selective pressure
for efficient mtDNA repair. For this repair, plants harbor a unique fusion-product:
the nuclear-encoded MSH1 gene®’. In Arabidopsis, the MSH1 gene allows plants
to have an efficient recombination-mediated mismatch repair and gene conversion,
which reduces heteroplasmy® and is driven by the presence of repeat sequences®.
Fungal MSH1 genes are homologues of the MutS gene, but do not possess the
endonuclease domain and have been reported not to be involved in mismatch repair
in yeast”. Although fungi display recombination due to accumulated repeats and
introns, resulting in a high variability in the mitochondrial gene order, their mutation
rate is intermediate between animals and plants®®:¢’. Recombination-mediated mtDNA
repair in plants and some fungi can also occur via other mechanisms (see %) and is

a perfect tool for lowering the ROS-generated mutational burden (further discussed
in: 99; 100)_
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Table 2.3 | Mechanisms to reduce ROS-induced mutagenesis in animals, fungi and land plants
after their evolutionary diversification

Prevention of Endosymbiotic Gene Transfer (EGT)
mutations
Species-specific Animals (Land) plants Fungi
mechanisms
Prevention of Antioxidants Highly developed Moderate
mutations (only limited) antioxidants antioxidants
Chloroplast Metabolic
dependency Diversity
Dilution of mutational mtDNA copy Large genomes Large
chance number com- with introns genome with
bined with a introns
small genome
Recovery of miDNA Uptake of Uptake of
mutations bottleneck elements to allow elements to
Purifying recombination allow recom-
selection and mtDNA repair bination and
mtDNA repair
e Bottleneck
e Somatic
Fusion

Mutation recovery: the mtDNA bottleneck

During the cleavage stages of embryogenesis, the total amount of mtDNA is constant,
indicating a random partitioning of the mtDNA over the different daughter cells"": 102
and only those cells that develop into an embryo will contribute to the mtDNA pool
of the new-born embryo, leading to a strong numerical bottleneck?. In 1989, such
a bottleneck for mtDNA inheritance was first observed in Holstein cows, resulting in
rapid fixation of heteroplasmic variants during transmission to following generations
and a return to homoplasmy'®; this implies a sampling effect of mtDNA molecules
early during embryogenesis. A restriction in the number of mtDNA molecules to be
transmitted to the next generation is followed by a strong amplification of these founder
molecules. During oogenesis in mice, a 100-fold increase in the mtDNA amount has
been observed, without any further increase during preimplantation development'®.
The sampling effect and random genetic drift, during the formation of primordial germ
cells (PGCs) and oocyte maturation (clonal expansion) determine the mtDNA that is
inherited. The net result is a reset to homoplasmy within a very short time-frame in
which germ-cell mtDNA is most sensitive to mutagenesis.

Besides the observations in mammals and rodents, the mtDNA bottleneck
has been described in Chinook salmon'°® and Danio rerio (See chapter 3). These two
teleost species are non-mammalian vertebrates and both show an mtDNA bottleneck
that is remarkably similar to the one documented in mice. This indicates that, within
the clade of Metazoa or at least the Vertebrata, the mitochondrial DNA bottleneck is
a highly conserved mechanism. The mtDNA copy number is brought back to ~200
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in germ cells, which seems quite conserved in humans, mice'%% ' salmon'® and
zebrafish (See chapter 3). Apparently, this amount of mtDNA protects the species
from pre-existing mutation accumulation due to rapid segregation'®, while preserving
fertility, resulting in a low vulnerability for de-novo mutations to reach significant
heteroplasmy levels (as discussed below).

Mutation recovery: bottleneck-mediated selection

Mutations that escape the mtDNA bottleneck can be filtered out by purifying selection
at the level of the organelle in animals during early embryonic development'®*
99 Purifying selection can take place either by positive or negative selection on
mtDNA sequences and evidence exists for both processes'® . In the mutator
mouse, mutations accumulate at random in the mtDNA and purifying selection has
been detected by the analysis of mutation distribution after backcrossing. Potential
deleterious mutations are strongly underrepresented, implying selection against
these mutations in the mammalian germ line'®. Furthermore, in transmitochondrial
mice, a severe OXPHOS-affecting mutation is eliminated rapidly from the maternal
germ line'2, further proving the existence of purifying selection. The exact mechanism
of purifying selection at the level of the organelle is unknown, but is thought to be
achieved by functional testing of mtDNA at the single organelle level, most likely near
or at the bottom of the bottleneck. A number of mechanisms have been proposed'.
The absence of mtDNA replication during early embryogenesis'* leads to a very
low mtDNA count in the primordial germ cells. Most likely, this is a prerequisite to
selectively filter out deleterious mtDNA mutations, since it is only when the mtDNA
load is small, that differences in organelle fithess can manifest quickly and be selected
for''®. Another possible mechanism of purifying selection has been postulated for
Drosophila melanogaster'®, based on selective replication of wild-type mtDNA
molecules with a more robust OXPHOS capacity; this hypothesis is enforced by the
observation that selective replication of functional mtDNA molecules is able to restrict
the transmission of deleterious mtDNA variants and that the replicative advantage is
coupled to mitochondrial fitness'”. The exact nature of this replicative advantage is
not known, but could be achieved by the energy demanding burst of mtDNA replication
during oogenesis, allowing selection for mtDNA with an efficient energy production,
thus favouring their replication. Finally, mtDNA correction based on fusion and
fission of mitochondria could be implicated in purifying selection, leading to selective
breakdown (mitophagy) of damaged mitochondria'®; this process is thought to be
regulated by Parkin'®. However, purifying selection seems to occur independently of
Parkin in D. Melanogaster'®.
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Figure 2.2 | Mitochondrial evolution and eukaryogenesis. An early endosymbiosis between two
prokaryotes led to the eukaryotes, which have evolved differently with regard to their mitochondrial DNA.

Summary

As shown in Table 2.3 and Figure 2.2, animals, plants and fungi have, besides
EGT, different species-specific mechanisms to ensure mitochondrial sequence
homoplasmy and to slow mutation accumulation. The need for higher adaptive abilities
enforced animals to allow higher mutation rates, and the detrimental consequences
are counteracted by the mtDNA bottleneck and purifying selection. The result for the
species is an optimal balance between negative deleterious mutations and positive
adaptive mutations. As the bottleneck affects reproductive fitness, this is also a critical
factor in this balance. The incorporation of repeat elements in the mtDNA of plants
has enabled efficient recombination-mediated mtDNA repair in plant mtDNA, which
results in low mitochondrial mutation rates. Fungi are described to have bottlenecks
and restricted somatic fusions'?, while they simultaneously possess recombination-
mediated mtDNA repair mechanisms®°.
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Table 2.4 | mtDNA copy numbers in oocytes amongst different animal species

Species Median Copy number oocytes Reference
H. Sapiens 256,000 143,000 121
163,698 122
193,000 123
256,000 124
384,251 125
598,350 126
697,176 127
M. Musculus 243,500 131,990 128
157,000 101
175,000 107
238,000 129
249,000 102
269,386 93
430,000 130
430,000 131
R. Norvegicus 128,800 110,000 132
147,600 133
S. scrofa 246,984 138,022 134
145,368-161,787 135
239,392-275,132 136
246,984 137
285,000 138
323,038-503,263 139
347,023 140
B. taurus 367,057 134,896-204,173 138
260,000 141
361,113 142
373,000 92
385,332 143
807,794 144
O. aries 744,633 744,633 145
O. tshawytscha | 3,200,000 3,200,000 106
D. rerio 16,500,000 19,000,000 Chapter 3
14,000,000 146
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Strength and timing of the mtDNA bottleneck in zebrafish germline and non-germline cells

Summary

We studied the mtDNA bottleneck in zebrafish to elucidate size, timing and
variation in germline and non-germline cells. Mature zebrafish oocytes contain, on
average, 19.0x10%® mtDNA molecules with high variation between oocytes. During
embryogenesis, the mtDNA copy number decreases to ~170 mtDNA molecules per
primordial germ cell (PGC), a number similar to mammals, and to ~50 per non-PGC.
These occur at the same developmental stage, implying considerable variation in
mtDNA copy number in (non-)PGCs of the same female, dictated by variation in
the mature oocyte. The presence of oocytes with low mtDNA numbers, if similar in
humans, could explain that (de novo) mutations can reach high mutation loads within
a single generation. High mtDNA copy numbers in mature oocytes are established
by mtDNA replication during oocyte development. Bottleneck differences between
germline and non-germline cells, due to early differentiation of PGCs, may account
for different distribution patterns of familial mutations.

Introduction

Various mechanisms have evolved to manage the high mitochondrial DNA (mtDNA)
mutation rate'. In animals, a high mtDNA copy number in cells dilutes the effect
of mtDNA mutations?. Heteroplasmic mutations can only manifest above a tissue-
and mutation-specific threshold. Another mechanism is the mtDNA bottleneck during
maternal inheritance: a limited amount of mtDNA of the oocytes repopulates the cells
of the next generation, thereby filtering out low-level mtDNA mutations. As a result,
individuals are usually homoplasmic?, which is the healthiest situation*. However, in
case of familial pathogenic mutations, the bottleneck can cause high and unpredictable
shifts in the mtDNA mutation load and disease risks in the offspring®.

Despite extensive research, the mtDNA bottleneck is still not fully understood.
Data from Holstein cows® indicated that the bottleneck was caused by a sharp
decrease in mtDNA copy number during early development, most likely, followed by
a clonal expansion of these founder molecules during oogenesis. In mice, a similar
decrease in the mtDNA copy number between oocytes (range of 10°)”:¢ and primordial
germ cells (PGCs) was reported with ~200 mtDNA molecules in a single PGC at the
bottom of the bottleneck, in line with previous estimates (185)°. In contrast, in another
study, ~2000 mtDNA molecules were measured in a single PGC'® and a small effective
number of segregational units was proposed to explain the rapid segregation, either
by assembly of mtDNA molecules into nucleoids or due to preferential replication
of a subpopulation of the mtDNA genome?® '°. For salmons, it was reported that the
bottleneck occurred during oogenesis with a size of about 85 mtDNA copies'. In
humans, indirect estimations of the bottleneck size have been described, ranging
from only 1-5'2 and 30-35" to ~90™ and 180° copies.

We measured mtDNA copy number and variation in zebrafish oocytes and
in larval germline and non-germline cells during embryonic development. The
zebrafish model allowed relatively easy collection of mature oocytes from individual
female fish, allowing assessment of the individual variation. Furthermore, PGCs
were specifically visualized with GFP followed by fluorescence activated cell sorting
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(FACS) to isolate both PGCs and non-PGCs during embryogenesis’. Lastly, oocytes
from different stages of development were isolated. In this way, we characterized the
mtDNA bottleneck in zebrafish in germline and non-germline cells, providing a better
understanding of the underlying mechanism and possible consequences.

Material and Methods

Zebrafish embryos and oocytes

AB zebrafish embryos were raised, housed and staged according to standard
procedures'®. Mature and immature oocytes were collected manually as described
before'’.

Isolation of primordial germ cells

Primordial germ cells were identified by both mRNA injections and by a transgenic
line. Artificial mMRNA constructs with the GFP open reading frame fused to the 3’UTR
of zebrafish nanos3 was prepared as described before'®. For the transgenic line, the
kop-EGFP-F’-nos3-"UTR-cry-DsRed transgene cassette was cloned into the pTolDest
vector. Injected or transgenic animals were selected per 100 on the basis of showing
similar GFP intensity and no ectopic GFP-expression. Embryos were completely
disaggregated and cells were filtered. Subsequently, FACS-sorting (BD Biosciences
FACSAria Il) was performed as described before's.

Quantification of mtDNA copy number

After DNA extraction, the mtDNA copy number was measured. Absolute mtDNA copy
number quantification was performed by real-time quantitative PCR (Q-PCR) of the
zebrafish mt-nd1 (NADH dehydrogenase 1, mitochondrial) gene. Amplification results
were converted to absolute mtDNA copy number using a standard curve. Relative
quantification of the mtDNA copy number was performed by Q-PCR measurements of
the steady-state amounts of both mtnd1 and b2m (nuclear gene beta-2-microglobulin).
For the 256-cell stage, we measured the mtDNA copy number both absolutely and
relatively, allowing an estimation of the absolute mtDNA copy numbers in embryos
staged 512-cell or older (Table S3.1).

Next Generation sequencing

Next Generation Sequencing (NGS) was performed on an lllumina HiSeq 2000.
Heteroplasmy values were calculated as the ration of the nucleotides over the total
count of any nucleotide at a position.

Statistical analysis

Statistical analyses were carried out using GraphPad Prism Version 5.02 software.
Gaussian distribution was tested using the d’Agostino & Pearson omnibus normality
test. One-way analysis of variance (ANOVA) and the Bonferroni multiple comparison
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test were used for comparing multiple groups. Spearman’s rank correlation coefficient
was used for analyzing trends. Non-linear regression analysis was performed using
the one-phase decay exponential equation. Calculated P-values were considered
significant <0.05. Coefficients of variation (CVs) were calculated as the ratio between
the standard deviation and the mean.

Results

mtDNA copy number and variation in mature zebrafish oocytes

The average number of mtDNA molecules in 186 individual mature oocytes (Figure
3.1A, S1) was 19.0x10° (Range: 3.3x108 — 42.2x108, Table S3.1), but the distribution
was non-Gaussian (Figure 3.1A; P-value: 0.014). We excluded polymorphisms in
the primer binding sites as a cause of these variations by sequencing these sites in
eight female zebrafish and 10-15 of their oocytes in the AB strain used (Table S3.2'8).
Among these oocytes, 137 were collected from only eight different females [a single
batch with ages at both the start (3-6 months) and end of the fertile period (18-24
months)] and the mean values among these females were statistically similar (all
P-values > 0.05, Figure 3.1B), with all mean values ~20x108, implying no differences
in oocytes derived from females from the same batch, early (fish A-D) and late (fish
E-H) in their fertile period. The individual frequency distribution of the mtDNA content
in oocytes fits a Gaussian distribution (P-values > 0.05). High variation in the mtDNA
copy number exists within the oocytes from a single female fish (highest value 3-7
times the lowest value, Table S3.1).

mtDNA copy number during zebrafish embryonic development

To assess the mtDNA copy number during development we collected embryos and
larvae from different stages from one batch of eggs from 5-10 individual females. In the
cleavage and early blastula stages, an embryo consists of a fixed number of cells and
absolute copy numbers per cell were assessed [1- (mature oocyte) to 256-cell; Figure
3.1C]. The mtDNA copy numbers of the 1-cell stage (mature oocytes) are at the lower
bound of the distribution of the mtDNA copy number in all oocytes (Figure 3.1A). As
the different isolation methods used gave comparable results (Figure S3.1), this most
likely reflects biological differences between the female fish (from different batches).
Dividing the mtDNA copy number by the cell number shows that the average mtDNA
copy number per cell was halved every cell division, indicating the total number of
mtDNA is stable and mtDNA replication is absent.

From the 512-cell stage until the prim-22 stage, we measured the mtDNA
copy number relative to a nuclear gene (mtnd1/b2m, Figure 3.1D-E). The decrease in
mtDNA load continued during late blastula -and early gastrula stages (Figure 3.1D),
but stopped during segmentation (Figure 1E). Based on the relative and absolute
quantification performed on the 256-cell stage, we estimated the amount of mtDNA at
this point to be 12-56 mtDNA copies per cell (Table S3.1).
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Figure 3.1 | The mtDNA copy number in zebrafish mature oocytes and during embryonic
development. (A) Violin plot of absolute mtDNA copy number in 186 oocytes (left) compared with that
of a Gaussian distribution (with same SD). White dot corresponds to the median value and the black
bar to the 25" (bottom) and 75" (top) percentile value. (B) Absolute oocyte mtDNA copy number in the
137 oocytes from eight females, each symbol represents a single oocyte. Fish A-D were at the start
and fish E-H at the end of the fertile period. (C) Absolute quantification of the mtDNA copy number per
cell in single embryos staged 1-256-cell. (D-E) Relative quantification (mt-nd1/b2m) of the mtDNA copy
number (per cell) in single embryos staged (D) 512-cell until shield, normalized to 512-cell stage and (E)
60%-90 epiboly until prim-22, normalized to the 60-90% epiboly stage. * P-values < 0.05, ** P-values <
0.01, *** P-values < 0.001 after one-way ANOVA analyis. Horizontal lines indicate the mean value with

SD.
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Isolation of germline cells during zebrafish embryogenesis

PGCs were visualized by injection of egfp-nanos3 3’UTR mRNA and by generating
a transgenic line expressing EGFP-nanos3 3'UTR (Figure 3.2A). Both methods
generated similar GFP expression patterns and a specific and representative staining
of PGCs, but injected embryos had higher rates of ectopic GFP expression (e.g. in the
brain; excluded from further analysis). After enzymatic dissociation, cell suspensions
were FACS-analyzed (gating as in'®) and sorted based on their morphology and GFP
intensity. After removal of aggregates (enrichment run), cells displaying the highest
GFP fluorescence were all located in a narrow range on the FSC channel (purity
run), indicating a morphologically homogeneous cell population. Microscopic analysis
confirmed that >95% of these isolated PGCs presented high GFP intensity (Figure
S3.1).

The germline and non-germline mtDNA bottleneck size during zebrafish
embryogenesis

PGCs from embryos of 8, 24, 48 and 72 hours post fertilization (hpf) had a significantly
lower mtDNA copy number compared to the oocytes (all P-values < 0.001; Figure
3.2B). Although no significant differences were observed from stage 8-72 hpf (all
P-values > 0.05), a correlation analysis revealed a significant downward trend
(P-value = 0.0009) in mtDNA copy number in migratory PGCs following their arrival
at the region where the gonad develops (Figure 3.2D'°). The mean values, standard
deviation, range and CVs (Table S3.1) indicated that the lowest mtDNA copy number
in a single PGC was ~170 mtDNA molecules at 72 hpf. The variation was high
during all stages of development (Table S3.1). Correlation analysis also revealed
a downward trend in the mtDNA copy number in non-PGCs during development
(P-value = 0.0097, Figure 3.2C). The lowest mtDNA load observed in single non-
PGCs (~50, Table S3.1) was not significantly different from the value measured for
the PGCs; however both slopes (PGCs vs non-PGCs) differed statistically from each
other (P-value < 0.0001). The value of ~50 is similar to the estimated non-germline
bottleneck size in whole embryos. Again, variation in bottleneck size is large in non-
PGCs from all developmental stages (Table S3.1). Non-linear regression analysis,
based on the assumption that the mtDNA load is equally divided among the daughter
cells during development, fits the measured mtDNA copy values best (R? = 0.75 and
0.55 respectively). We estimated the plateau value (=bottleneck size) for PGCs at
193.5 (Standard error: 56.3) and for non-PGCs at 89.4 (Standard error: 16.3) mtDNA
copies, which is close to the actual lowest mtDNA counts measured in this study.
One phase decay equations (Figure 3.2D) indicated that the plateau value is reached
earlier in non-PGCs than in PGCs, which is corroborated by the differences in the half
times (6.9 hpf for PGCs and 3.4 hpf for non-PGCs).
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Figure 3.2 | The mtDNA copy number in FACS-isolated PGCs and non-PGCs from zebrafish
embryos. GFP expression in transgenic zebrafish embryos (EGFP-nanos3 3'UTR). Embryos were
imaged using an Axioplan M1 Zeiss microscope. The images represent a combination of pictures
captured along the anterior-posterior axis of the embryo, using specific focal planes Scale bars: 100 um
for 8 hpf, 200 uym for 24, 48 and 72 hpf. (B-C) Absolute mtDNA copy number in (B) PGCs and (C) non-
PGCs from various stages of development. Every symbol represents one group of 80 cells. Horizontal
lines indicate mean with SD. P-values are generated by Spearman’s rank correlation test and indicate a
downward trend when <0.05. R? indicates fitness of a non-linear one-phase decay exponential equation.
(D) Plot of the non-linear one-phase decay equation for PGCs (derived from graph in panel B) and non-
PGCs (derived from panel C). The half-life was 6.9 hpf for PGCs and 3.4 hpf for non-PGCs.
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mtDNA copy number during oocyte development

Stage | oocytes, the primary growth phase, had an average diameter of 115 pm and
possessed ~840,000 mtDNA molecules (Figure 3.3A). This number was significantly
higher in stage Il oocytes, the cortical alveolus stage, ranging from 5.0x108in small
stage Il oocytes (ll___; average diameter 191 ym) to 11.1x10° in large stage Il oocytes
(. average diameter 256 pm). During stage lll, the vitellogenesis stage, the
mtDNA copy number per oocyte increased to 14.3x10° (average diameter 370 um).
Eventually, stage V (mature) oocytes (average diameter 750 um) contained 17.4x108
mtDNA copies. The variation was higher in stage | oocytes (CV: 106%), compared to
the other stages (CVs: 40-52%; Table S3.1). We observed a tight positive logarithmic
correlation between the volume of the oocytes stage I-1ll (assuming a sphere) and the
mtDNA content (Figure 3.3B).
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Figure 3.3 | The mtDNA copy number correlates to an increased volume during oocyte maturation.
(A) Mature and immature oocytes from different developmental stages were isolated from 4 different
females and mtDNA copy number was measured. Each symbol represents a single (immature) oocyte.
Horizontal lines indicate mean with SD. All groups were statistically different from each other. (B)
Relation between the oocyte volume, assuming a sphere, and the mtDNA amount in oocytes stage I-Ill..
R? indicate fitness after a linear regression analysis between the volume (logaritmic) and the mtDNA
copy number.

Discussion

High and variable mtDNA copy number in mature zebrafish oocytes

The mtDNA load in mature zebrafish oocytes was, on average, 19.0x10° mtDNA
copies per cell (Figure 3.1A-B). The distribution of all oocytes indicated a high, non-
Gaussian variation (range: 3.3x108 — 42.2x10°), with a sharp lower-boundary value of
3.3x10¢, while the limitation on high mtDNA loads seems to be more moderate (up to
42.2x10°). The mean oocyte mtDNA copy number among the eight different female
fish was statistically similar (Figure 3.1B), suggesting low inter-individual variation.
We observed variation in the DNA copy number among different batches of fish.
Batch effects have been reported in zebrafish, for example, in transcriptomics?. Our
data are comparable with the reported copy number in single zebrafish blastomeres
of a 4-cell stage (14x108 copies per cell?'), corresponding to an mtDNA load of 56x10°
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in oocytes, which, although in the same order of magnitude, indicates again biological
variation among batches. Oocytes from salmons, another teleost species, contain
about 3.2x10° mtDNA copies??. Large differences between fish were also reported for
salmon, ranging from 1.1x10° to 7.0x10° (factor 72).

In most mammals, mature oocytes contain less than 1.0x10® mtDNA copies,
ranging from 110,000 in R. Norvegicus® to 807,794 in B. Taurus*, with substantial
variation within species?, e.g. in humans ranging from 143,000% to 697,176%. For
humans, mice and cows the average reported mtDNA load in the oocytes is below
300,000 copies?, suggesting zebrafish contain about hundred times more mtDNA in
their oocytes than mammals. This differences is most likely due to differences in
implantation and in oxidative activity needed to satisfy the higher energetic demands
in teleost compared to mammals due a dependency on fatty acid oxidation?2.
Differences in the mtDNA load of oocytes are also reflected by differences in the size
of the oocytes, which are smallest in mammals (<0.15 mm, human oocytes 0.1 mm),
moderate in zebrafish (0.75 mm'® '7) and largest in salmons (>4.5mm??). Based on
these volumes, we estimated that the mtDNA copy number per unit of volume is fairly
equal across species. This is corroborated by a study in ovine oocytes, where the
mtDNA copy number per unit oocyte volume showed only little variation, much lower
compared to the variation in the mtDNA copy number in the whole oocyte?’.

A selection against oocytes with low mtDNA load seems to occur (Figure
3.1A). The non-Gaussian distribution of the mtDNA copy number is most likely
due to a sharp boundary at the lowest mtDNA copy number. No oocytes with less
than 3.3x10° mtDNA copies have been observed. Mitochondrial function and copy
number are important for successful fertilization®. Low mitochondrial content has
been demonstrated to negatively influence the fertilizability of eggs, probably due to
inadequate mitochondrial biogenesis or cytoplasmic maturation?®, which has been
demonstrated by low mtDNA counts in degenerate oocytes®’, oocytes with fertilization
failure?® or during ovarian insufficiency®'. This was confirmed by studies in mice*2. In
contrast, an upper mtDNA threshold has been proposed in human blastocysts, above
which implantation was never observed and aneuploidy was more frequent®.

For each individual female fish, the inter-oocyte variation in mtDNA copy
number was high (3 to 8 fold, Figure 3.1B). As we collected unfertilized stage V
(mature) oocytes' by squeezing the abdomen of female fish after they were kept with
a male overnight, we could exclude variation in maturation of oocytes®. Furthermore
we excluded that the variation could be due to polymorphisms in the PCR primers
used (Table S3.2). The considerable variation among 137 oocytes from the same
eight female (Figure 3.1B) indicated that it was independent of the nuclear genome
and we conclude that the variation in mtDNA copy number among oocytes is individual
stochastic variation, rather than genetic variation. Such variation within an individual
has also been reported in human?® and bovine oocytes®, which implies that every
individual can generate oocytes with either a very low or a very high mtDNA copy
number.

mtDNA copy number per cell decreases during embryonic development

Until the 256-cell stage, the mtDNA copy number per cell in complete zebrafish
embryos halved during every cell cycle, while the total amount did not change,
consistent with lack of mtDNA replication and degradation. The decrease in mtDNA
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content per cell continued until early segmentation and at these stages about 16-
54 mtDNA molecules were present per cell. This is in line with findings in mouse, in
which no changes in total mtDNA copy number were observed until the blastocyst
stage (~128 cells?®). When the gastrulation stages pass into the segmentation stages,
at which primary organogenesis occurs and the first muscle-driven movements can
be observed'®, mtDNA replication is initiated. During this period, zebrafish embryos
display maximum proton leak, which might reflect elevated mitochondrial function?®.
The onset of mtDNAreplication most likely reflects a switch to oxidative phosphorylation
(OXPHOS) as main energy source, while the large energy requirement during the first
developmental stage is provided by glycolysis®, a faster energy source®.

High variation in the germline mtDNA bottleneck size

In PGCs, we found a negative correlation between mtDNA copy number and
developmental time with a minimal mean mtDNA copy number of 171 (an estimated
193.5 (£56.3) following non-linear regression analysis), with a SD of 111. Since we
quantified the mtDNA amount for groups of 80 PGCs, the actual variation among
individual cells might be even higher. This high variation in PGCs from 8 hpf to 72
hpf is comparable to mature oocytes and the bottom of the bottleneck seems to be
defined by developmental stage and not by the mtDNA copy number. Given the high
variation of mtDNA copies in the oocyte, each female can produce PGCs, which, by
chance, possess at the bottom only a few mtDNA molecules. At this stage, the risk
that de novo mtDNA mutations®, reach functional significance will be highest.

The germline bottleneck size of 170-200 mtDNA molecules is close to the
value in mice of ~185, (based on mtDNA heteroplasmy segregation between several
generations in the BALB/NZB mouse®) and ~200 (based on direct measurements”
8). In humans, the bottleneck size has been estimated to be ~173, based on the
heteroplasmy distribution among 82 single primary oocytes from a woman carrying
the 3243A>G mtDNA mutation®. The bottleneck size in zebrafish also resembles
the size in cows (65-163%), salmons (80-88"") and even crickets (87-395%). Some
studies in humans estimated a lower bottleneck size, for instance a bottleneck size of
~90™, only 30-35™, or even 1-5'2. These were calculated from segregation patterns
of variants that might not be neutral and selection events could apply*'. Since most
models assume genetic drift only*?, this would lead to an underestimation of the mtDNA
bottleneck size. Nevertheless, the different reported values on the bottleneck size
could also reflect large biological variation. Flexibility in the decrease of mtDNA copy
number during the bottleneck is in line with a mathematical model for the bottleneck*?

Increased mtDNA copy number during oocyte maturation

The mtDNA copy number increased rapidly during oocyte development, with a 20-
fold difference between stage | oocytes and mature oocytes, indicating that mtDNA
replication is a prerequisite for oocyte maturation. Substantial increase in the mtDNA
copy number during early oocyte maturation has also been observed in mice'™. The
correlation between the size of the cells and the mtDNA copy number (Figure 3.3B)
showed that growth and mtDNA replication were closely connected. During oogenesis,
a PGC of ~7 um develops into an oocyte, which grows and reaches a diameter of 140
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pum at the end of stage I'". At this stage variation in mtDNA copy numbers between
cells was highest (ranging from ~20.000-3.7x108) and no fixed oocyte volume per
mtDNA could be observed. Probably, at this stage cell growth precedes and might
trigger mtDNA replication, whereas during the further developmental stages, it is
less clear whether cell growth drives mtDNA replication or vice versa. We failed to
measure an increase in mtDNA copy number in PGCs that arrived at the region where
the gonads develop, as has been described in mice’” & This discrepancy might arise
because fish oogonia, in contrast to mammals, keep constantly renewing the stocks
of young oocytes and follicles. In fish, mitosis in oogonia (starting point of oogenesis)
is activated after ovulation in adult zebrafish**, while human oogonia undergo mitosis
already during weeks 9-22 of embryonic development*. Although we were not able to
isolate oogonia and the earliest and smallest primary oocytes, the high mtDNA copy
numbers in stage | oocytes suggests that the mtDNA replication necessary to achieve
high oocyte mtDNA loads occurred later in zebrafish life (in adults) than in mammals
(during embryonic development).

A small non-germline mtDNA bottleneck size

The bottleneck size in non-germline zebrafish cells (non-PGCs) is ~50 mtDNA
molecules (an estimated 89.4+16.3 following non-linear regression analysis) per cell
with a downward trend in the mtDNA copy number during development. As non-PGCs
can be any cell from the developing embryo, the bottleneck size derived from the
whole embryo analysis (16-54 mtDNA copies) confirms this number. The decrease
in mtDNA copy number has been suggested to establish a set-point during early
embryogenesis, which increases later during development in order to satisfy cell-
specific ATP requirements through OXPHOS*6. During the first 48 hpf we did not
observe an increase in the mtDNA copy number of the non-germline cells (Figure
3.1), while after 72 hpf a trend towards higher mtDNA amounts was observed (Figure
3.2C). The latter observation could indicate that mtDNA amounts go up once the
larvae use their skeletal muscle for free swimming and hunting’.

The germline and the non-germline mtDNA bottleneck

In line with our observation in zebrafish, murine somatic cells have highly variable
mtDNA copy numbers during early embryogenesis and the mtDNA content was
downregulated from 8 dpc onwards'. Furthermore, as in the present study, the
mtDNA copy number in murine non-germline cells was lower than in germline cells™.
Although mtDNA copy number between PGCs and non-PGCs were not statistically
different, correlation and non-linear regression analysis (Figure 3.2C) indicated a
difference in the course or timing of the mtDNA copy number over development.
The increase in mtDNA content in germline cells occurs during oogenesis in adult
zebrafish (Figure 3.4), long after the formation of the organ systems (non-germline
cells) during zebrafish embryogenesis. This difference in timing, if comparable in
humans, could explain differences in segregation of mtDNA heteroplasmic mutations
among germline and somatic tissues in humans*2. Especially in case of familial
mtDNA mutations?, these segregation and replication mechanisms could explain
the large tissue-specific differences in mutation load*’. This is corroborated by the
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observation that HIV-interventions, which reduce mtDNA copy number can induce
a somatic bottleneck, can result in age-related mitochondrial disease due to clonal
expansion of preexisting mtDNA mutations*.

We have quantified the whole germline mtDNA bottleneck in a single model (Figure
3.4). Mechanistically, both the germline and the non-germline bottlenecks rely
on the same principle: division of the mtDNA over the daughter cells during early
embryogenesis in the absence of replication, until increased energy requirements
during development or oogenesis activate mtDNA replication. However, as the
bottleneck in non-germline cells only affects the individual, while segregation in
PGCs affects future generations, the germline bottleneck is of higher evolutionary
importance. Nevertheless, an understanding of the difference between the bottlenecks
would allow a better prediction of the risk an individual has to develop an mtDNA
disorder, which is determined by both the germline and the non-germline bottleneck.
Due to a clear difference in somatic and germline specification in zebrafish, as well as
fast development and easy access to the organs, zebrafish are an attractive model to
study these possible tissue-specific mtDNA bottleneck effects in further detail.
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Figure 3.4 | Summary of the germline mtDNA bottleneck. The germline mtDNA bottleneck
consists of 1) random partitioning of oocyte mtDNA during the early developmental cell divisions,

leading to variable mtDNA bottleneck sizes and 2) extensive mtDNA replication during oogenesis.
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Supplementary data

Supplementary Figures, Experimental Procedures and tables are available online at
http://dx.doi.org/10.1016/j.celrep.2016.06.023

Acknowledgements

R. Stephan and S. Ormenese (GIGA Flow Cytometry platform, Liége University,
Belgium) are acknowledged for their assistance during cell sorting, |. Eijkenboom for
generating the mt-nd1 curves, M. Adriaens for reviewing statistical analyses, R. Goto-
Kazeto (Hokkaido University, Japan) for supplying the nanos3 3'UTR pCS2+ vector
and Jana Pfeiffer (MUnster University, Germany) for assisting in transportation of the
transgenic zebrafish. We are grateful for the fellowship of GROW-School for oncology
and Developmental Biology to A.B.C.O. and H.J.M.S., to the alma-in-silico project
funded by the Interreg IV program of the EC to M.M. and H.J.M.S., the E-RARE
2 project GENOMIT [R 50.02.12F] to M.M. and H.J.M.S. and to the Dutch Princes
Beatrix Fonds for their grant to T.E.J.T. and H.J.M.S.. K.T. and E.R. are supported
by the European Research Council (ERC), the Deutsche Forschungsgemeintschaf
(DFG) and the Cells in Motion cluster of Excellence (EXC 1003-CIM). M.W. and M.M.
are grateful to Walloon Region (FEDER. GIGA2 Bioindustry support) and the Fond
Nacional de la Recherché Scientifique (F.N.R.S.) with the GENOMIT project. M.G.
and H.J.M.S. are grateful for the support of the Dutch Province of Limburg.

References

1. Lynch, M., Koskella, B., and Schaack, S. (2006). Mutation pressure and the evolution of
organelle genomic architecture. Science 311, 1727-1730.

2. Otten, A.B., and Smeets, H.J. (2015). Evolutionary defined role of the mitochondrial DNA in
fertility, disease and ageing. Human reproduction update.

3. Lee, H.S., Ma, H., Juanes, R.C., Tachibana, M., Sparman, M., Woodward, J., Ramsey, C.,

Xu, J., Kang, E.J., Amato, P,, et al. (2012). Rapid mitochondrial DNA segregation in primate
preimplantation embryos precedes somatic and germline bottleneck. Cell reports 1, 506-515.

4, Sharpley, M.S., Marciniak, C., Eckel-Mahan, K., McManus, M., Crimi, M., Waymire, K., Lin,
C.S., Masubuchi, S., Friend, N., Koike, M., et al. (2012). Heteroplasmy of mouse mtDNA is
genetically unstable and results in altered behavior and cognition. Cell 151, 333-343.

5. Howell, N., Halvorson, S., Kubacka, I., McCullough, D.A., Bindoff, L.A., and Turnbull, D.M.
(1992). Mitochondrial gene segregation in mammals: is the bottleneck always narrow? Human
genetics 90, 117-120.

6. Hauswirth, W.W., and Laipis, P.J. (1982). Mitochondrial DNA polymorphism in a maternal
lineage of Holstein cows. Proceedings of the National Academy of Sciences of the United
States of America 79, 4686-4690.

7. Cree, L.M., Samuels, D.C., de Sousa Lopes, S.C., Rajasimha, H.K., Wonnapinij, P., Mann,
J.R., Dahl, H.H., and Chinnery, P.F. (2008). A reduction of mitochondrial DNA molecules during
embryogenesis explains the rapid segregation of genotypes. Nature genetics 40, 249-254.

8. Wai, T., Teoli, D., and Shoubridge, E.A. (2008). The mitochondrial DNA genetic bottleneck
results from replication of a subpopulation of genomes. Nature genetics 40, 1484-1488.
9. Jenuth, J.P., Peterson, A.C., Fu, K., and Shoubridge, E.A. (1996). Random genetic drift in

the female germline explains the rapid segregation of mammalian mitochondrial DNA. Nature
genetics 14, 146-151.

58

505688-L-sub01-bw-Otten
Processed on: 3-10-2016



Strength and timing of the mtDNA bottleneck in zebrafish germline and non-germline cells

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Cao, L., Shitara, H., Horii, T., Nagao, Y., Imai, H., Abe, K., Hara, T., Hayashi, J., and Yonekawa,
H. (2007). The mitochondrial bottleneck occurs without reduction of mtDNA content in female
mouse germ cells. Nature genetics 39, 386-390.

Wolff, J.N., White, D.J., Woodhams, M., White, H.E., and Gemmell, N.J. (2011). The strength
and timing of the mitochondrial bottleneck in salmon suggests a conserved mechanism in
vertebrates. PloS one 6, e20522.

Marchington, D.R., Hartshorne, G.M., Barlow, D., and Poulton, J. (1997). Homopolymeric tract
heteroplasmy in mtDNA from tissues and single oocytes: support for a genetic bottleneck.
American journal of human genetics 60, 408-416.

Rebolledo-Jaramillo, B., Su, M.S., Stoler, N., McElhoe, J.A., Dickins, B., Blankenberg,
D., Korneliussen, T.S., Chiaromonte, F., Nielsen, R., Holland, M.M., et al. (2014). Maternal
age effect and severe germ-line bottleneck in the inheritance of human mitochondrial DNA.
Proceedings of the National Academy of Sciences of the United States of America 111, 15474-
15479.

Pallotti, F., Binelli, G., Fabbri, R., Valentino, M.L., Vicenti, R., Macciocca, M., Cevoli, S., Baruzzi,
A., DiMauro, S., and Carelli, V. (2014). A wide range of 3243A>G/tRNALeu(UUR) (MELAS)
mutation loads may segregate in offspring through the female germline bottleneck. PloS one 9,
€96663.

Goto-Kazeto, R., Saito, T., Takagi, M., Arai, K., and Yamaha, E. (2010). Isolation of teleost
primordial germ cells using flow cytometry. The International journal of developmental biology
54, 1487-1492.

Kimmel, C.B., Ballard, W.W., Kimmel, S.R., Ullmann, B., and Schilling, T.F. (1995). Stages of
embryonic development of the zebrafish. Developmental dynamics : an official publication of
the American Association of Anatomists 203, 253-310.

Selman, K., Wallace, R.A., Sarka, A., and Qi, X. (1993). Stages of oocyte development in the
zebrafish, Brachydanio rerio. Journal of Morphology 218, 203-224.

Otten, A.B., Stassen, A.P., Adriaens, M., Gerards, M., Dohmen, R.G., Timmer, A.J., Vanherle,
S.J., Kamps, R., Boesten, |.B., Vanoevelen, J.M., et al. (2016). Zebrafish oocytes with a
low mtDNA copy number are at risk of de novo mtDNA point mutations reaching functional
significance (chapter 4). Thesis, Auke Otten.

Paksa, A., and Raz, E. (2015). Zebrafish germ cells: motility and guided migration. Current
opinion in cell biology 36, 80-85.

Wang, R.L., Bencic, D.C., Garcia-Reyero, N., Perkins, E.J., Villeneuve, D.L., Ankley, G.T., and
Biales, A.D. (2014). Natural Variation in Fish Transcriptomes: Comparative Analysis of the
Fathead Minnow (Pimephales promelas) and Zebrafish (Danio rerio). PloS one 9, e114178.

Artuso, L., Romano, A., Verri, T., Domenichini, A., Argenton, F., Santorelli, F.M., and Petruzzella,
V. (2012). Mitochondrial DNA metabolism in early development of zebrafish (Danio rerio).
Biochimica et biophysica acta 1817, 1002-1011.

Wolff, J.N., and Gemmell, N.J. (2008). Lost in the zygote: the dilution of paternal mtDNA upon
fertilization. Heredity 101, 429-434.

Zeng, H.T., Yeung, W.S., Cheung, M.P,, Ho, P.C,, Lee, C.K., Zhuang, G.L,, Liang, X.Y., and O,
W.S. (2009). In vitro-matured rat oocytes have low mitochondrial deoxyribonucleic acid and
adenosine triphosphate contents and have abnormal mitochondrial redistribution. Fertility and
sterility 91, 900-907.

Iwata, H., Goto, H., Tanaka, H., Sakaguchi, Y., Kimura, K., Kuwayama, T., and Monji, Y. (2011).
Effect of maternal age on mitochondrial DNA copy number, ATP content and IVF outcome of
bovine oocytes. Reproduction, fertility, and development 23, 424-432.

Duran, H.E., Simsek-Duran, F., Oehninger, S.C., Jones, H.W., Jr., and Castora, F.J. (2011). The
association of reproductive senescence with mitochondrial quantity, function, and DNA integrity
in human oocytes at different stages of maturation. Fertility and sterility 96, 384-388.
Murakoshi, Y., Sueoka, K., Takahashi, K., Sato, S., Sakurai, T., Tajima, H., and Yoshimura,
Y. (2013). Embryo developmental capability and pregnancy outcome are related to the
mitochondrial DNA copy number and ooplasmic volume. Journal of assisted reproduction and
genetics 30, 1367-1375.

Cotterill, M., Harris, S.E., Collado Fernandez, E., Lu, J., Huntriss, J.D., Campbell, B.K., and
Picton, H.M. (2013). The activity and copy number of mitochondrial DNA in ovine oocytes

505688-L-sub01-bw-Otten
Processed on: 3-10-2016

59



Chapter 3

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

60

throughout oogenesis in vivo and during oocyte maturation in vitro. Molecular human
reproduction 19, 444-450.

Ebert, K.M., Liem, H., and Hecht, N.B. (1988). Mitochondrial DNA in the mouse preimplantation
embryo. Journal of reproduction and fertility 82, 145-149.

Reynier, P., May-Panloup, P., Chretien, M.F., Morgan, C.J., Jean, M., Savagner, F., Barriere, P.,
and Malthiery, Y. (2001). Mitochondrial DNA content affects the fertilizability of human oocytes.
Molecular human reproduction 7, 425-429.

Santos, T.A., El Shourbagy, S., and St John, J.C. (2006). Mitochondrial content reflects oocyte
variability and fertilization outcome. Fertility and sterility 85, 584-591.

May-Panloup, P., Chretien, M.F., Jacques, C., Vasseur, C., Malthiery, Y., and Reynier, P. (2005).
Low oocyte mitochondrial DNA content in ovarian insufficiency. Human reproduction 20, 593-
597.

Wai, T., Ao, A., Zhang, X., Cyr, D., Dufort, D., and Shoubridge, E.A. (2010). The role of
mitochondrial DNA copy number in mammalian fertility. Biology of reproduction 83, 52-62.
Fragouli, E., Spath, K., Alfarawati, S., Kaper, F., Craig, A., Michel, C.E., Kokocinski, F., Cohen,
J., Munne, S., and Wells, D. (2015). Altered levels of mitochondrial DNA are associated with
female age, aneuploidy, and provide an independent measure of embryonic implantation
potential. PLoS genetics 11, e1005241.

Jansen, R.P., and de Boer, K. (1998). The bottleneck: mitochondrial imperatives in oogenesis
and ovarian follicular fate. Molecular and cellular endocrinology 145, 81-88.

Cree, L.M., Hammond, E.R., Shelling, A.N., Berg, M.C., Peek, J.C., and Green, M.P. (2015).
Maternal age and ovarian stimulation independently affect oocyte mtDNA copy number and
cumulus cell gene expression in bovine clones. Human reproduction 30, 1410-1420.

Stackley, K.D., Beeson, C.C., Rahn, J.J., and Chan, S.S. (2011). Bioenergetic profiling of
zebrafish embryonic development. PloS one 6, e25652.

Facucho-Oliveira, J.M., and St John, J.C. (2009). The relationship between pluripotency and
mitochondrial DNA proliferation during early embryo development and embryonic stem cell
differentiation. Stem cell reviews 5, 140-158.

Thorburn, D.R. (2004). Mitochondrial disorders: prevalence, myths and advances. Journal of
inherited metabolic disease 27, 349-362.

Brown, D.T., Samuels, D.C., Michael, E.M., Turnbull, D.M., and Chinnery, P.F. (2001). Random
genetic drift determines the level of mutant mtDNA in human primary oocytes. American journal
of human genetics 68, 533-536.

Rand, D.M., and Harrison, R.G. (1986). Mitochondrial DNA transmission genetics in crickets.
Genetics 114, 955-970.

Stewart, J.B., Freyer, C., Elson, J.L., Wredenberg, A., Cansu, Z., Trifunovic, A., and Larsson,
N.G. (2008). Strong purifying selection in transmission of mammalian mitochondrial DNA. PLoS
biology 6, e10.

Wonnapinij, P., Chinnery, P.F., and Samuels, D.C. (2008). The distribution of mitochondrial DNA
heteroplasmy due to random genetic drift. American journal of human genetics 83, 582-593.
Johnston, I.G., Burgstaller, J.P., Havlicek, V., Kolbe, T., Rulicke, T., Brem, G., Poulton, J., and
Jones, N.S. (2015). Stochastic modelling, Bayesian inference, and new in vivo measurements
elucidate the debated mtDNA bottleneck mechanism. eLife 4, e07464.

Jalabert, B. (2005). Particularities of reproduction and oogenesis in teleost fish compared to
mammals. Reproduction, nutrition, development 45, 261-279.

Jones, R.E. (1997). Human Reproductive Biology.(San Diego: Academic Press, Elsevier).

Facucho-Oliveira, J.M., Alderson, J., Spikings, E.C., Egginton, S., and St John, J.C. (2007).
Mitochondrial DNA replication during differentiation of murine embryonic stem cells. Journal of
cell science 120, 4025-4034.

St John, J.C. (2012). Transmission, inheritance and replication of mitochondrial DNA in
mammals: implications for reproductive processes and infertility. Cell and tissue research 349,
795-808.

Payne, B.A., Wilson, 1.J., Hateley, C.A., Horvath, R., Santibanez-Koref, M., Samuels, D.C.,
Price, D.A., and Chinnery, P.F. (2011). Mitochondrial aging is accelerated by anti-retroviral
therapy through the clonal expansion of mtDNA mutations. Nature genetics 43, 806-810.

505688-L-sub01-bw-Otten
Processed on: 3-10-2016



Strength and timing of the mtDNA bottleneck in zebrafish germline and non-germline cells

61

505688-L-sub01-bw-Otten
Processed on: 3-10-2016



505688-L-sub01-bw-Otten
Processed on: 3-10-2016



Chapter4

Zebrafish oocytes with a low mtDNA copy
number are at risk of de novo mtDNA
point mutations reaching functional

significance

Auke BC Otten, Alphons PM Stassen, Michiel Adriaens, Mike Gerards,
Richard GJ Dohmen, Adriana J Timmer, Sabina JV Vanherle, Rick Kamps,
Iris BW Boesten, Jo M Vanoevelen, Marc Muller, Hubert JM Smeets

Accepted

Genetics (2016)

505688-L-sub01-bw-Otten
Processed on: 3-10-2016



Chapter 4

64

505688-L-sub01-bw-Otten
Processed on: 3-10-2016



de novo mtDNA point mutation occurence during oogenesis

Summary

Of all pathogenic mitochondrial DNA (mtDNA) mutations in humans, ~25% is de
novo, although the de novo occurrence in oocytes has never been directly assessed.
We used next generation sequencing to detect mutations directly in the mtDNA of
13-15 individual oocytes and in three somatic tissues from eight zebrafish females.
Various statistical and biological filters allowed reliable detection of (de novo) variants
with heteroplasmy 21.5%. In total, 38 de novo mutations were detected in 19 of 103
oocytes, indicating that ~20% of the oocytes carry at least one de novo mutation with
heteroplasmy 21.5%. This frequency of de novo mutations is close to that deducted
from the reported error rate of polymerase gamma, the mitochondrial replication
enzyme, implying that errors made during mtDNA replication are a likely explanation.
Substantial variation in the mutation prevalence among oocytes can be explained
by the highly variable mtDNA copy number, since we previously reported that ~20%
of the germ cells have a mtDNA copy number of <73 and would lead to detectable
mutation loads. In conclusion, replication errors made during oogenesis are an
important source of de novo mtDNA mutations and their location and heteroplasmy
level determine the eventual significance.

Introduction

Comparative sequence analysis of the mitochondrial DNA (mtDNA) has revealed a
high degree of variability, much higher than its nuclear counterpart '. This is generally
explained by limited recombination and recombination-mediated mtDNA repair events
to counteract errors made during mtDNA replication? and the close proximity of the
unprotected mtDNA to the oxidative phosphorylation (OXPHOS) machinery, which
produces (potentially) mutagenic reactive oxygen species (ROS)3. As a result, mtDNA
mutations are an important cause of a group of devastating inherited diseases*. To
date, over 150 pathogenic mtDNA mutations have been identified as well as many
more polymorphisms of unknown significance®. As human and animal cells have a high
mtDNA copy number, wild-type and variant mtDNA genotypes can co-exist, a state
referred to as heteroplasmy. The high mtDNA copy number compensates low-level
pathogenic mtDNA mutations and avoids disease manifestation. A pathogenic mtDNA
mutation will only manifest if its heteroplasmy value exceeds a certain threshold®. The
mtDNA inherits maternally, and a female carrying an mtDNA mutation can transmit
this mutation to her offspring through the mtDNA of her oocytes.

Maternal inheritance of pre-existing mtDNA mutation does not explain all
patients suffering for mtDNA mutations. In 25% of these patients, the disease-causing
mutation cannot be detected in the maternal mtDNA (Sallevelt et al., in preparation).
Although we cannot exclude some of these mutation were present at undetectable
low-level heteroplasmy levels in the maternal mtDNA, this suggests that most of these
mutations have occurred de novo during germ line development. The inheritance of
the mtDNA occurs through a segregational bottleneck: only a limited number of the
mtDNA molecules, the so-called bottleneck size, from the oocyte are transmitted to
the germline cells of the next generation®. We hypothesize that, in case of a constant
mutation rate, a low mtDNA copy number at the bottom of the bottleneck could lead
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to de novo mutations reaching detectable heteroplasmy levels, which dependent
on the nature of the mutations can be of functional and/or pathogenic significance.
Experimental evidence for this hypothesis has long been difficult to obtain, because
of the low heteroplasmy level at which these mutations occur, which were generally
below the detection level of conventional sequencing techniques. Over the past
decade, next-generation sequencing (NGS) technologies have been developed,
allowing an in depth determination of the mutations and heteroplasmy levels directly
in the mtDNA of individual oocytes.

An estimation of the prevalence of de novo mtDNA mutation requires a
significant number of oocytes to be sequenced. For both biological and ethical reason
this is difficult to achieve in humans and most animals. In contrast, oocyte collection
from zebrafish is easy and efficient and therefore we used zebrafish oocytes to assess
the de novo mtDNA mutation risk. We characterized de novo mutations, their location
and their heteroplasmy level in 103 oocytes and three somatic (maternal) tissues
from eight different female zebrafish using NGS with a minimal coverage of 1,700.
Furthermore, for all oocytes with one or more de novo mutation(s), we estimated the
mtDNA copy number at which these mutations arose, based on their heteroplasmy
levels. Given the high mtDNA sequence similarity between humans and zebrafish’
and the conservation of the mtDNA bottleneck within the animal kingdom® 80, our
findings have insinuations for the occurrence of de novo mtDNA disease in humans.

Material and Methods

Zebrafish maintenance and sample collection

Wild-type female zebrafish from the AB strain were used. Raising and housing
was according to standard procedures at 28°C" in the zebrafish facility of Liége
University, where local ethical approval by the committee of Animal Research was
obtained. Mature unfertilized oocytes were collected by squeezing the abdomen of
anaesthetized females. The oocytes used were apparently normal in morphological
appearance. After oocyte collection, the female fish were sacrificed in ice-cold water,
after which biopsies of brain, liver and muscle were obtained. An overview of the 127
samples is given in Table 4.1.

Table 4.1 | Overview of samples collected

Zebrafish # 1 (2 (3 (4 (5 (6 (7 (8
Biopsies 3 13 |3 |3 |3 |3 [3 |3
Number of 3 |13 |15 |14 |15 |14 |15 |14
oocytes

Isolation procedure of mtDNA

Oocytes were collected in sterile tubes and lysed for 4 hours at 50°C in 500 pul DNA
lysis buffer containing 75 mM NaCl, 50 mM EDTA, 20 mM HEPES, 0.4% SDS and
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200 ug proteinase K (Sigma). Subsequently, isopropanol was added and samples
were precipitated overnight at -20°C. After thorough centrifugation, the DNA pellet
was washed with 70% ethanol and dissolved in TE buffer. The biopsies of brain, liver
and muscle from the adult female fish were collected in sterile tubes containing Nuclei
Lysis solution from the Wizard Genomic Purification Kit (Promega). Subsequently,
mtDNA was extracted according to manufacturer’s instructions and dissolved in FG3-
buffer.

mtDNA amplification and sequencing

The mtDNA (reference NCBI: NC002333.2) was amplified in three ~5.6kb
amplicons (A-C). Fragment A (Forward: CACACCCCTGACTCCCAAAG, Reverse:
GGTCGTTTGTACCCGTCAGT) amplified a target spanning nucleotide 16,594 (gene:
trna-pro) to 5,952 (nd2), fragment B (Forward: AAATTAACACCCTAACAACGACCTG,
Reverse: GGGGATCAGTACTTTTAGCATTGTAGT) an amplicon from nucleotide
5,669 (nd2) to 11,319 (nd4) and fragment C amplified the mtDNA from nucleotide
11,170 (nd4l) to 295 (D-loop). Primers (designed with Primer3) were specific for the
mtDNA to avoid the amplification of nuclear-encoded mitochondrial pseudogenes.
PCR amplification was performed using Phusion Hot Start [| DNA polymerase in
GC-buffer (ThermoScientific): 30s at 98°C, followed by 40 cycles of 10s at 98°C
(denaturation), 20s at 58°C (annealing) and 8 min at 72°C (extension), with a final
step for 10 min at 72°C. Amplification was checked using electrophoresis on a
1% agarose gel. Amplicons were purified using the Agencourt AMPure XP system
(Beckman-Coulter), according to the protocol of the manufacturer. Subsequently, the
three purified amplicons were (equimolar) mixed and processed using the customized
Nextera XT protocol 2. The library of a random subset of the samples was analysed
using a Bioanalyzer 2100 High Sensitivity DNA chip (Agilent Technologies) to confirm
quantity and size of the library. Libraries were indexed and 18 libraries were pooled
per lane and analysed on the HiSeq 2000 system (lllumina), using a read length of
1000 base pairs. PhiX (1%) was spiked in every lane as an internal control.

Pre-processing of Next-Generation sequencing data

As the mtDNAis a multicopy genome (resulting in many biological duplicates), duplicate
reads were included in the analysis. Demultiplexing of the data was performed using
lllumina CASAVA software (v.1.8.2) and reads were aligned against the mitochondrial
reference sequence for the zebrafish (NCBI: NC002333.2) using Burrows-Wheeler
Alligner (BWA) software (v.0.5.9)'3. For variant calling, we used Phyton 2.6.6., Phyton
Package pysam 0.7.8 and SAMTools 0.1.19. In-house built Perl tools were used to
process the variants. As the prevalence of any of the four nucleotides per position
was counted to call a variant, the heteroplasmy value was calculated as the ratio of
one of the nucleotides over the coverage, which was defined as the total count of any
nucleotide at a certain position.

Identification of de novo mutations from point heteroplasmic sites

A statistical algorithm was developed to distinguish variant calls from the noise signal,
as well as to determine whether a variant reported in an oocyte was absent in the
corresponding female fish, and thus arose de novo. A call from a sample is included in
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the analysis if its coverage is above the threshold, which is determined by calculating
the median coverage for every position of the mtDNA genome, based on the coverage
data of all 127 samples (Figure 4.1). Assuming sequencing quality is independent of
the nucleotide position, the median value is the most robust estimate of the coverage
across the entire mtDNA genome. This implies that the lowest median coverage value
is a robust estimate of the minimal reliable coverage and of the maximum background
(noise) signal. As the lowest median coverage value was ~1,700 (Figure 4.1A), this
was chosen as a cut-off value for a position to be included, preventing variants with
lower coverage from influencing the statistical calculations we applied to exclude
false positives.

To discriminate false positives in the higher coverage group from true variants
we compared the percentage heteroplasmy of the variant nucleotide of a particular
sample with the average percentage heteroplasmy of all other samples (female
tissues and oocytes, but without littermate oocytes and tissues from the mother). To
this end, for each variant a probability distribution of the heteroplasmy values was
generated (using all samples) and transformed to a Gaussian distribution using ‘a
rank-transformation’. We assumed this distribution to be a representation of the noise
signal for this variant, inherent to the procedure'. Hence, we calculated a z-score and
P-value (one tailed) and considered variants with a P-value <0.01 as true variants
statistically different from the noise signal. The check for de novo variants was only
performed for variants for which the coverage of the oocyte and of 22 tissues of
its mother was =1,700. Finally, a variant was assumed de novo if the P-value of
this variant in the oocyte was <0.01, while in the tissues from the corresponding
female the P-value was >0.01 (= absent or in noise signal) and if the heteroplasmy
percentage was 21.0%.

B
250004 —— median
—— Threshold
g 20000 - Start
£ - After filter 1
§ 15000
§ - After filter 2
(=]
Q -
: 10000 ~ After filter 3
5
@
= 5000+
: 1 L] L]
0 5000 10000 15000

mtDNA position

Figure 4.1 | Median reads per position and filtering steps used to determine de novo mutations.
A) Overview of the median reads per position of the mtDNA genome (red line) across all samples. The
blue line indicates the threshold value for the coverage value to include samples. B) Results of filtering
steps performed to determine de novo mutations. All reads with coverage above 1,700x (1,592,714
nucleotides) were statistically analysed, resulting in 2,624 variants with a P-value < 0.01. Subsequent
filter steps performed: 1) prevalence tissues adult female zebrafish <1.0%, 2) heteroplasmy difference
between tissues from adult zebrafish and her oocytes (O-M) = 1.5% and 3) mutations not detected in
the two nucleotides adjacent (upstream or downstream) of another variant. After filtering, 38 de novo
mutations remained.
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Estimation of mtDNA copy number and mutation rate

From the average heteroplasmy value (het-%) of all de novo mutations within one
oocyte, we estimated the mtDNA copy number at the time the mutation occurred.
Assuming only one copy is mutated and heteroplasmy values stay the same during
oocyte development, than the mtDNA copy number (z) at the time the mutation
occurred can be calculated using: z = 100/het-%. Subsequently, we aimed to
estimate the mutation rate for mutations >1.5%. To do this, we first calculated for
every oocyte the total number of detectable nucleotides (y) that were present at the
time the mutation arose. Therefore, we multiplied the estimated mtDNA copy number
(z) with the number of nucleotides that had coverage >1,700: y = z * [#nucleotides
>1,700 coverage]. The mutation rate (x) was then calculated by dividing the number
of de novo mutations in an oocyte by the total number of analysable nucleotides: x =
[#mutations detected] / y.

Results

We studied the occurrence of detectable de novo mutations in 103 oocytes derived
from eight different female zebrafish. A total of 1,592,714 different nucleotide positions
had a sequence-coverage >1,700. In total, 2,624 different variants were statistically
different from the sequencing noise signal and absent in all three maternal tissues
and therefore considered as potential de novo mutations. To increase the reliability
of our de novo mutation detection, we applied three additional biological filter steps
(Figure 4.1B). 1) All oocyte variants for which the heteroplasmy level in one of the
corresponding maternal tissues was 21.0% were considered to be pre-existing and
were therefore excluded. 2) The heteroplasmy level of the variants was corrected for
the noise signal by subtracting the maternal (M) heteroplasmy level (=the average of
the heteroplasmy level in the three maternal tissues) from the oocyte (O) heteroplasmy
level (O-M) and variants with small O-M values (<1.5%) were excluded (205 variants
had an O-M value of 1.0-1.5% and 929 variants of <1.0%). This filter restricted our
analysis to de novo mutations with a mutation load 21.5%. 3) A de novo variant
was rejected if, within the same oocyte, another variant was detected in the two
nucleotides adjacent (upstream or downstream) to this variant, as variants located
in close proximity to each other are most likely the result of alignment artefacts'. By
applying these filters, 38 mutations were considered to be de novo (Table 4.2), of
which 36 were unique, as two mutations (m.7247T>G and m.10578C>A) were found
in two oocytes isolated from the same zebrafish. The 38 de novo mutations were
detected in only 19 different oocytes (Table 4.2, indicating that the majority (82%) did
not have a detectable de novo mutation. In three oocytes (5.2, 5.10 and 7.9) more
than three de novo point mutations were found. No de novo mutations were detected
in any oocyte from zebrafish 6. The heteroplasmy level of all the de novo mutations
ranged from 1.5% to 9.0% with an average of 2.7%.

For every oocyte with at least one de novo mutation, we estimated the mtDNA
copy number present at the time the mutation occurred. This number ranged from 18
to 67 (Table 4.3). Based on this, we calculated the mutation rate for these oocytes
(Table 4.3). For most oocytes this mutation rate was in the range of 10-° mutations per
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nucleotide, while oocytes 4.4, 5.10 and 7.3 had a higher mutation rate. On average,
the mutation rate in these 19 oocytes was 4.3x10° mutations per nucleotide. Strikingly,
for oocyte 8.6 the heteroplasmy values of the two reported de novo mutations greatly
differed from each other, resulting in two different estimations of the mutation rate.
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Figure 4.2 | Prevalence of de novo variants. Prevalence A) per gene type (protein coding genes,
tRNA, rRNA genes and D-loop) and B) per protein-coding gene. The observed number of variants in all
oocytes is expressed as the number of variants per nucleotide. If a de novo mutation occurred multiple
times, it is only counted once in the construction of these distributions.

The number of unique de novo mutations per base was assessed for every
gene (Figure 4.2). In case the de novo mutations were classified per gene function
(tRNA genes, rRNA genes, protein coding or D-loop separately), the prevalence of
de novo mutations appeared to be slightly higher in the D-loop (4 variants per 1000
bases). 26 variants were in protein-coding genes (ND1, ND4, ND5, ND6, COI, COlll
and cyt-b), with little difference in the prevalence among the different protein-coding
genes. Four of these mutations were synonymous and 22 non-synonymous, including
four mutations leading to a premature stop codon (Table 4.2).
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Table 4.2 | Heteroplasmic mtDNA de novo mutations in all oocytes

Oocyte ID Co?('.)l-lvla)t-% Gene location Nucleotide change | Am. Acid change
1.1 2.5% ND1 m.4164C>A Ser>STOP
23 1.8% col m.6489T>C Phe>Ser
2.6 5.4% D-loop m.250C>T -

2.6 5.9% coll m.8700G>A Val>Lys

2.10 1.6% col m.6510T>A Val>Glu
3.2 3.3% D-loop m.283G>T -

3.2 1.9% ND5 m14296T>A lle>Asn
3.9 4.1% tRNA-Trp m.6089G>A -
3.15 1.9% ND4L m.11303T>A Stop>Lys
ND4 Leu>GIn
4.4 3.1% D-loop m.1818A>T -

4.10 1.9% D-loop m.532G>A -

4.10 2.1% ND4 m.11708G>A Trp>STOP
5.2 2.7% ND1 m.4077G>A Trp>STOP
5.2 2.2% col m.7112C>T Leu>Phe
5.2 1.6% col m.7247T>G Trp>Gly
5.2 2.2% col m.7574G>T Gly>Trp
5.2 2.2% col m.7580G>A Val>Met
5.3 1.8% ND6 m.14894TA Leu>Phe

5.10 1.6% 12s rRNA m.1220A>G -

5.10 2.4% col m.7112C>T Leu>Phe

5.10 2.1% col m.7247T>G Trp>Gly

5.10 1.9% col m.7253A>G Met>Val

5.10 1.8% colll m.9909C>A Arg>STOP

5.10 1.6% ND4 m.11500G>C Val>Leu

5.10 1.5% tRNA-Leu m.12838T>G -

5.10 1.6% ND5 m.13472C>T Tyr>Tyr

5.13 8.2% ND6 m.14761G>A Leu>Leu
7.3 1.5% 16s rRNA m.2632A>G -

7.8 1.7% 16s rRNA m.2537A>G -
7.9 2.5% 12s rRNA m.1550G>C -
7.9 1.8% ND4 m.12263T>G Leu>Arg
7.9 1.6% ND5 m.13205T>G Phe>Leu
7.9 1.6% CytB m.16232A>C Thr>Pro
7.9 1.5% CytB m.16324A>T Gly>Gly
8.5 2.8% ND5 m.14400C>T Leu>Leu
8.6 9.0% tRNA-Gly m.10578C>A -
8.6 1.5% ND4 m.12464G>T Trp>Leu
8.10 4.6% tRNA-Gly m.10578C>A -

Corr. Het-%, Oocyte heteroplasmy value corrected

rom noise signal by subtracting the average

heteroplasmy of the corresponding female tissues from the heteroplasmy value detected in the oocyte.
Am. Acid change, change in amino acid due to change in the codon sequence.
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Table 4.3 | mtDNA copy number and de novo mutation rate 21.5% at a given nucleotide for all
oocytes in which at least one de novo mutation was detected

Oocyte | # de novo | AverageHet-% Copy Nucleotides Analysable Mutation rate
ID mutations of de novo number analysed nucleotides (>1.5%) per
mutation from het% (coverage when mutation | nucleotide
>1700) occurred
1.1 1 25 40 05,643 225,720 4.4x10®
23 1 1.8 56 16,532 925,792 1.1x10®
2.6 2 5.7 18 16,580 298,440 6.7x10°
210 1 1.6 63 14,543 916,209 1.1x10®
3.2 2 1.9 53 16,532 876,196 2.3x10®
3.9 1 4.1 24 16,555 397,320 2.5x10®
3.15 1 1.9 53 14,902 789,806 1.3x10¢
44 1 3.1 32 02,816 90,112 1.1x10°
4.10 2 2.0 50 16,583 829,150 2.4x10®
5.2 5 22 45 06,991 314,595 1.6x10¢
5.3 1 1.8 56 12,505 700,280 1.4x10®
5.10 8 1.7 59 10,740 633,660 1.3x10®
5.13 1 8.2 12 16,570 198,840 5.0x10
7.3 1 1.5 67 16,528 1,107,376 9.0x10”
7.8 1 1.7 59 16,569 977,571 1.0x10°
7.9 5 1.8 56 16,426 919,856 5.4x10
8.5 1 2.8 36 16,569 596,484 1.7x10¢
8.6* 1 9.0 1 16,239 178,629 5.6x10°
8.6* 1 1.5 67 16,239 1,088,013 9.2x107
8.10 1 46 22 16,533 363,726 2.7x10
Average 2 3.2 56 - - 4.3x10¢
# de novo mutations, number of de novo mutations detected in the oocyte. Average Het-% of de novo

mut., the average heteroplasmy value for all de novo mutations found in the oocyte. Copy number from
het-%, the copy number the oocytes had when the mutation occurred using the formula: (1/average het-
%)*100. *the heteroplasmy values of the variants in oocyte 8.6 differed markedly from each other and
therefore the calculations were performed for both heteroplasmy values separately.

Discussion

The main aim of our study was to investigate the process of de novo mutagenesis
in the mtDNA during oogenesis. Therefore, we analysed the mtDNA genome of
103 zebrafish oocytes by next-generation sequencing and compared it to somatic
tissues of the corresponding mother. After applying statistical and biological filters, we
characterized reliably 38 de novo mutations with heteroplasmy levels 21.5% in 18%
of the oocytes. The de novo mutations were randomly distributed over the mtDNA
genome, including some mutations causing a premature stop codon.
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Robustness of identification de novo mutations with heteroplasmy
levels 21.5%

We used the Nextera XT protocol to prepare libraries for sequencing on the HiSeq2000
platform, a system which has been successfully applied before for sequencing of
the mitochondrial genome'? '®. The identification of specific mutations with low
heteroplasmy is limited by the noise level of the sequencing procedure, which is
around 1%'4'%17. As we cannot be sure noise levels will be equal between different
runs and detection thresholds differ accordingly, we estimated the noise signal of
our sequence run using a non-parametric, data-driven approach. Our approach is
twofold. First, we estimated the median minimal coverage (Figure 4.1), which is a
robust estimate of the entire mitochondrial genome, rendering a threshold coverage
above which the calculated heteroplasmy value is reliable. Second, the noise level of
the procedure is estimated for every position in the mtDNA based on the heteroplasmy
levels reported for this position in all samples. By applying statistics, this allows
identification of those variants for which the heteroplasmy level was significantly
different from the background (or noise) signal (P-value <0.01), thereby excluding
variants with a high occurrence in all samples, something which is not expected.
In a previous report, power calculations were used to estimate the reliability of the
reads'®. However, power calculations are theoretical and the use of such post-hoc
calculations for the interpretation of available experimental results is debatable’®.
Another step in our analysis involves correction for the noise signal by subtracting the
maternal heteroplasmy value from the detected heteroplasmy value. This correction
is essential to know at which heteroplasmy value the de novo variant arose. A last
step involved exclusion of variants that most likely occurred as a result of alignment
artefacts. Based on our and others'* 6 experience with next generation sequencing,
we excluded variants if they arose in close proximity to each other. Altogether, our
data-driven statistical approach allows detection of de novo variants (heteroplasmy
levels 21.5%) with high reliability, which is corrected for potential differences in quality
between sequence runs.

De novo mutations are detected in oocytes with a low mtDNA copy
number

Our analysis pipeline allowed the detection of variants with a heteroplasmy value
=1.5%, which equals detection of a single mutated mtDNA molecule in a population of
65 or less. The estimated mtDNA copy number at which a de novo mutation occurred,
ranged, based on the detected heteroplasmy levels of the mutations in the oocytes,
from 11-67 (Table 4.3). In our analysis we only detected an mtDNA mutation in 18.9%
of the oocytes. The inheritance of the mtDNA through a bottleneck leads to low
mtDNA levels in primordial germ cells (PGCs) at the bottom of the bottleneck® and a
mutation originating at this point may lead to higher heteroplasmy levels. In a previous
study (Otten et al., in preparation), we have determined the mtDNA copy number in
zebrafish PGCs isolated from several embryonic stages as on average 171 mtDNA
molecules at the bottom of the bottleneck, but with high variation in this number
(StDev: 111). Based on these parameters we constructed a Gaussian distribution
with mean 171 and standard deviation 111. As 18.9% of the oocytes harboured a de
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novo mutation, this distribution allowed us to estimate that lower 18.9% (left tail of the
distribution, z-score -0.88) of the PGCs possess <72.8 mtDNA molecules. An mtDNA
copy number of 72.8 correspond to a heteroplasmy level at mutation manifestation
of 1.4%, which is close to our detection limit of 1.5%. This means our pipeline allows
detection of de novo mutations in oocytes that were generated from germ cells with
the lowest mtDNA content, which includes those germ cells most prone for acquiring
a de novo mutation reaching a detectable heteroplasmy of 1.5% or higher. Together,
this implies ~20% of the oocytes had a bottleneck size at which de novo mutations
could reach detectable heteroplasmy levels (21.5%).

During oogenesis in zebrafish, the mtDNA is replicated extensively. mtDNA
replication is expected to occur almost exclusively by polymerase gamma (POLG)'*
20 which is a two-subunit holoenzyme with high fidelity in nucleotide selection and
incorporation, alongside with 3’-5’ exonuclease proofreading functionality?°. For all
oocytes in which we detected a de novo mutation, the calculated average mutation
rate was 4.3x10 per nucleotide. This is in the same order of the reported POLG error
frequencies, which range from 2x10 to 10x10-¢ per nucleotide in different animals?':22,
Although POLG has a high accuracy, this suggests that errors made by POLG during
the extensive replication during oogenesis are the main cause of de novo mutations
in oocytes. Although replication errors are made continuously in all oocytes, only
replication errors made when mtDNA copy numbers are low (e.g. 65 or lower) lead
to detectable (heteroplasmy levels of 21.5%) de novo mutations in mature oocytes,
which was likely the case in 19 of the oocytes. Four of these oocytes had a higher
mutation rate (range of 10%). Although this can be a chance event, this could also be
a reflection of individual differences in error rates of the mtDNA replicative machinery,
or due to another mutagenic source being active in these oocytes. During OXPHOS,
which is highly active during oogenesis?® 24, mutagenic ROS are being produced and
this could be a factor contributing to differences in the mutation rate between oocytes.
However, based on the mutation rates in most oocytes, errors made by POLG are
most likely the dominant source of de novo mtDNA mutations in oocytes.

Our calculations on the mtDNA copy number and mutation rate are only
applicable if random processes prevail and every mtDNA molecule is equally amplified.
Due to genetic drift, leading to loss or fixation of mutations, especially in small sample
sizes, and preferential selection, mutation loads can shift. This could explain the high
mtDNA mutation load for one of the two de novo mutations detected in oocyte 8.6,
although these mutations could also have manifested during separate replication
cycles, as an extremely low mtDNA bottleneck size creates multiple cycles at which
the mutation can manifest at heteroplasmy levels 21.5%. Negative and positive
selection has been demonstrated for specific some mutations?, further corroborating
the possibility that non-random processes also influence the heteroplasmy level
of de novo mtDNA mutations. In the case of selection, the physical and effective
bottleneck sizes are different. The mtDNA molecules that actively replicate determine
the effective bottleneck size, which can be lower than the physical bottleneck size
when selective events result in only a subpopulation of mtDNA molecules being more
actively replicated. The mtDNA copy number we have estimated here based on the
heteroplasmy levels (11-67) correspond to effective mtDNA copy numbers, and might
therefore be an underestimation of the physical bottleneck size.
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De novo mutations in oocytes are potentially pathogenic

The 38 de novo mutations with a frequency of >1.5% were randomly distributed over
the mtDNA genome. After correction for the size of the gene, the tRNA-Leu, tRNA-Trp
and tRNA-Gly genes had a high number of mutations per nucleotide. However, the
numbers were too low to estimate this correctly [only one mutation in the tRNA-Leu
and {RNA-Trp genes were observed and two mutations in the {RNA-Gly gene] and
mutations occurred in two oocytes from the same zebrafish. Furthermore, the tRNA
genes as a group do not support a higher prevalence of mutations in the tRNA genes.
The observed higher prevalence in the three tRNA genes is most likely due to the
relatively small group of de novo mutations. On the contrary, a higher prevalence
for mutations in the D-loop exists (Figure 4.2A). This is corroborated by the many
variants observed in this mitochondrial control region?. Although preferences for
the D-loop might exist from an evolutionary perspective, mutations in the mtDNA
can arise anywhere in the mtDNA genome. In total, eight protein-coding genes were
affected with little differences in the prevalence. 22 mutations were non-synonymous,
including four mutations leading to a premature stop codon. No differences in
prevalence in one of the three codon positions were found. This indicates the effect
of a de novo mutation can be of any kind. The non-synonymous mutations, especially
those causing a premature stop codon, are likely pathogenic, implying that also these
severe mutations, which are rarely found in human patients, can occur de novo. Most
likely in humans, these pathogenic mutations are filtered out by mitophagy?” or are at
high levels not compatible with embryonic survival and remain at low levels unnoticed.

Given the high sequence homology (72%; NCBI blast performed) between the
mtDNA genome of zebrafish and humans and the high evolutionary conservation of
the mtDNA bottleneck in animal species'® 4:28:2% gur results indicate that the de novo
risk might be similar among zebrafish and humans. Indeed, a study in 26 human
oocytes®®, 7 oocytes (26.9%) were found to harbour de novo variants. This is close
to the frequency of 18.9% we report her for zebrafish. This is further corroborated
by a similar degree of variation in mtDNA copy number in human oocytes?, which
suggest also variation in the mtDNA bottleneck size and subsequent differences in
the de novo risk. In humans, it has been estimated that about 5% of the mutations
in the mtDNA alter a conserved nucleotide and are thus potentially pathogenic®. As
we found de novo mutations in ~20% of the oocytes, this implies ~1% of oocytes will
carry a pathogenic de novo mutation [with a heteroplasmy level 21.5%]. The presence
of low-level mtDNA mutations in the oocyte could, after fertilization, lead to mtDNA
disease later in life due to genetic drift, which could lead to fixation of the mutation®"
32 or in the offspring of the following generation, as inheritance through the mtDNA
bottleneck can cause shifts in the heteroplasmy level between mother and child, also
leading to fixation of the mutant mtDNA33.

Despite the described similarities between zebrafish and humans, important
reproductive and mtDNA differences should be taken into account. Zebrafish oocytes
possess a much higher mtDNA content as human oocytes (factor 1002°), mostly due
to different implantation patterns. In humans, implantation occurs rapidly*, allowing
a fast shift to the uterus for energy supply, while in zebrafish implantation is absent
and energy must be supplied by the embryo itself. This lower mtDNA copy number in
human oocytes might result in lower mtDNA numbers at the bottom of the bottleneck
and the mtDNA genome might be even at higher risk for a de novo mutation to reach
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detectable heteroplasmy levels. This is supported by the high mutation frequency
reported for the mammalian mtDNA compared to other animals, including fish3. In
conclusion, our study in zebrafish has revealed that replication errors made during
oogenesis are an important source of de novo mtDNA mutations and their location
and heteroplasmy determine the eventual significance.
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Summary

Mitochondrial DNA (mtDNA) inherits maternally through a genetic bottleneck and
genetic drift is considered the main driving mechanism. We determined mutation
loads of three mtDNA mutations (m.3243A>G, m.8993T>G and m.14487T>C) in
preimplantation genetic diagnosis oocytes/zygotes/embryos. Genetic drift occurred,
but non-random selection was clearly apparent, based on 1) correlation between
m.3243A>G mutation load and estimated bottleneck size, 2) absence of m.3243A>G
mutation loads >80%, and 3) skewed distribution for the m.8993T>G mutation.
Together with data from a meta-analysis this implies that selection mechanisms can
have a different effect on different mtDNA mutations. High m.3243A>G mutation
loads are selected against, because the resulting complete OXPHOS deficiency
prohibits oocyte growth and maturation (progression through meiosis). The OXPHOS
deficiency of the m.8993T>G mutation is, even at high mutation loads, less severe.
This mutation is positively selected for during oogenesis, because of an increased
mitochondrial membrane potential (MMP), a hallmark of healthy mitochondria. The
m.14487T>C mutation is transmitted by random genetic drift only. We conclude
that non-neutral selection mechanisms occur during mtDNA inheritance, which has
implications for current treatment strategies.

Introduction

Mitochondrial diseases are a heterogeneous group of progressive multisystemic
disorders, which can be caused by mutations in either the nuclear or the mitochondrial
DNA (mtDNA). The mtDNA is a small, circular, double stranded, multi-copy genome.
Over 150 confirmed pathogenic mutations have been reported in the mtDNA', affecting
about 1 in 5,000 individuals?. In most cases, these pathogenic mtDNA mutations are
heteroplasmic, which is a co-existence of wild-type and mutated mtDNA genomes.
The mtDNA bottleneck has evolved® to prevent the germline from accumulating,
low level heteroplasmic mutations. Based on observations in mice* %, the mtDNA
bottleneck occurs as a result of a restriction in the number of mMtDNA molecules during
its maternal inheritance, followed by a strong amplification of these founder molecules.
In carriers of heteroplasmic mtDNA mutations the bottleneck can have an adverse
effect, leading to highly variable mutation loads in their oocytes and an unpredictable
recurrence risk. The mechanisms underlying the mtDNA bottleneck are under debate,
but to date, although it has been suggested that random genetic drift is predominant
mechanism determining the distribution of mtDNA heteroplasmy®8. When assuming
random genetic drift, the segregation pattern of mtDNA mutations can be modelled
mathematically by the Kimura distribution . This model describes the probability
distribution of heteroplasmy values in the offspring as a function of the amount of
mutation carried over by the mother and the bottleneck size. The segregational unit is
either the mtDNA molecule itself or a subset of mtDNA molecules that is preferentially
amplified® '°. In mice the physical bottleneck size is estimated to be around 200
mtDNA copies per primordial germ cell (PGC)* 7. The exact size of the bottleneck in
humans is still under debate, just as the mechanisms underlying the shifts in mutation
loads observed®. Some reports describe differences in segregation patterns between
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different mtDNA mutations'", which, apart from genetic drift, could also be caused by
selection events'? '3 occurring during mtDNA transmission. When selection occurs,
a physical and effective bottleneck can be discriminated. The mtDNA molecules that
contribute to the mtDNA pool of the next generation determine the effective bottleneck
size, which can be lower than the physical bottleneck size when only a subpopulation
of MtDNA molecules is preferentially transmitted to the next generation. However, the
picture is currently far from clear and the contribution of genetic drift and selection to
mtDNA inheritance is still debated.

In the present study we investigated the underlying mechanisms of the
mtDNA bottleneck by determining the mutation load of three mtDNA mutations
(m.3243A>G, m.8993T>G and m.14487T>C) in oocytes, zygotes and embryos from
multiple preimplantation genetic diagnosis (PGD) cycles. We observed differences in
segregation patterns among these mtDNA mutations, which could not be explained
by genetic drift only and our data support the existence of mutation-specific selection
factors during oogenesis. Besides the mechanisms already proposed in literature, we
characterized two selective mechanisms that occurred during oogenesis. As these
selective mechanisms alter the effective bottleneck size, these mechanisms give
a plausible explanation for the mutation-specific genetic (effective) bottleneck size
reported before': 5. Our data was further supported by a meta-analysis of literature data
on the segregation of m.3243A>G and m.8993T>G mutations. We find that germline
selection depends on the degree that mutations affect the cellular OXPHOS-capacity
of generating ATP or maintaining a healthy mitochondrial membrane potential (MMP).
These findings are important for understanding mtDNA inheritance and will improve
the prediction of the recurrence risk for carriers of mtDNA mutations considerably.
This has also important implications for preimplantation genetic diagnosis (PGD) and
mitochondrial replacement therapy, in which a fraction mutated mtDNA may be carried
over during nuclear transplantation’®. A mechanisms favouring selection, could result
in amplification of the mutated genome during embryonic development.

Material and Methods

The study was performed with informed consent of the participants on rest material of
routine clinical procedures, approved by the local ethical committee.

Patients and PGD procedure

Five female carriers (Table 5.1) of the m.3243A>G mutation, one carrier of the
m.8993T>G mutation and one carrier of the m.14487T>C mutation were counselled
for PGD. Verbal and written information on IVF and intracytoplasmic sperm injection
(ICSI), single cell procedures, success rates of the procedures, risk of misdiagnosis,
and the limited experience on the worldwide application of PGD for mitochondrial
disorders was supplied to all carriers and their partners. Before the treatment,
informed consent was given by both partners for both the procedure as well as for
re-analysis of non-transferred and non-frozen oocytes and embryos. The IVF-ICSI-
PGD procedure has been performed as described before'”. Briefly, blastomeres were
biopsied at 3 days post-fertilization and washed three times in phosphate buffered
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saline solution supplemented with 1% polyvinylpyrrolidone molecular weight 360 000
(Sigma-Aldrich Chemie, Zwijndrecht, the Netherlands) and 0.1 mg/ml phenol red
(Sigma), and transferred to a 0.2 ml PCR reaction tube, followed by the mutation load
analysis. Non-transferrable embryos and embryos not suited for cryopreservation
were collected at day 4, as described before'”. Remaining fertilized oocytes, zygotes
or single blastomeres collected during the procedure, as well as were washed three
times in washing buffer, transferred to a 0.2 mL PCR reaction tube and stored at -20°C
until mutation load analysis. Furthermore, blood, hair, urine and/or muscle biopsies
were taken from all carriers.

Table 5.1 | Age and mutation loads in different tissues of carriers of the m.3243A>G, m.8993T>G
and m.14487T>C mutation

m.3243A>G Carrier #1 Carrier #2 Carrier #3 Carrier #4 Carrier #5
carriers

Age first PGD 36 years 30 years 28 years 32 years 31 years
cycle

Mutation-%

Blood 13% 25% 27% 19% 16%
Hair 26% 10% 29% 26% 29%
Urine 55% ND 59% 38% 28%
Muscle ND 28% ND ND ND

Other carriers | m.8993T>G | m.14487T>C
Age first PGD | 30 years 40 years

cycle

Mutation-%

Blood 4% 34%
Hair 3% ND
Urine 5% 65%
Muscle ND 55%

Mutation load analysis

Primers used for PCR amplification conditions and digestion
controls for the m.3243A>G and m.8993T>G mutations were as
reported before' '8, while for the m.14487T>C mutation, these were:
ND6_199F & ND6_199F (6-FAM) (ATACTCTTTCACCCACAGCAC),
ND6_340R (ATAGTTTTTTTAATTTATTTAGGGCA), SpikeTspRI-F
(vic, AGCTGGTAAAAAGAGGCCTAAC) and SpikeTspRI-R
(GCGCCGAATAATAGGTATAGTG) and digestion with TspRI. Samples were analysed
by capillary electrophoresis on an ABI Prism 3730 Genetic Analyser followed by
GeneScan analysis. To calculate the mutation load, the area of the mutation peak
was divided by the sum of the peak area of the wild-type and mutation peak. The
detailed statistical analysis for this procedure has been described before.

For cleavage stage embryos from which multiple blastomeres were available,
the average was calculated and reported as the mutation load for this embryo in order
to exclude that a single embryo is repeatedly reported. In all cases, the mutation
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loads in individual blastomeres from a single embryo were not substantially different,
consistent with previous findings'’. Furthermore, mutations loads in blood, hair, urine
and/or muscle of varies was established, using the same procedures (Table 5.1).

Estimation of the effective bottleneck size

We estimated the effective bottleneck size (N ) for a carrier, assuming genetic drift,
by using the equation N_ = -t/ In (b), where t is the number of mtDNA generations,
which has been generally accepted to be 15 during embryogenesis®. As the average
heteroplasmy level in the dataset (p,) is taken as an estimate of the amount of mutation
carried over from the mother, this is used to determine the bottleneck parameter (b)
using equation 6 in reference?®.

Meta-analysis of published heteroplasmy data (m.3243A>G &
m.8993T>G)

Blood heteroplasmy data was collected from literature for the m.3243A>G (n=111) and
the m.8993T>G (n=118) mutation (Table S5.1). The blood heteroplasmy levels for the
m.3243A>G mutation were age-corrected to account for the loss of the exponential
loss of mutated mtDNA in blood leukocytes by using an equation as described before
1%, Furthermore, patients with mutation load(s) <15% were excluded, as this improved
the correlation between blood and muscle heteroplasmy (data not shown). For both
mutations, the maternal heteroplasmy value was subtracted from the heteroplasmy
value in the offspring (O-M). A Gaussian curve was fitted to the frequency histograms.
To test whether the samples data from a Gaussian distribution with a mean equal
hypothetical value of 0 (no selection bias) we used a one-sample t-test. Results were
considered significant if the P-value was <0.05.

Table 5.2 | Average heteroplasmy levels and estimated bottleneck sizes for carriers with the
m.3243A>G, m.8993T>G and m.14487T>C mutation

Py heteropllasmy in Effective b?‘lttleneck
i samples size
carrier i (Average + SEM) (valus 19574 CI)

m.3242A>G #1 26 0.42+0.04 83 [50-159]
m.3242A>G #2 16 0.34 £ 0.05 94 [50-233]
m.3242A>G #3 13 0.41 +£0.07 49 [24-117]
m.3242A>G #4 26 0.33+£0.04 92 [55-173]
m.3242A>G #5 10 0.16 £ 0.04 152 [69-473]

m.8993T>G 46 0.05+0.03 10 [4-57]

m.14487T>C 23 0.67 £0.07 21 [13-38]

n, number of unique offspring (oocytes, embryos or zygotes) for every carrier
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Results and discussion

Individual bottleneck sizes under random genetic drift

We analysed the mutation distribution in oocytes, zygotes and blastomeres of five
carriers of the m.3243A>G mutation, one carrier of the m.8993T>G mutation and
one carrier of the m.14487T>C mutation, for whom PGD was performed in our
clinic (Figure 5.1). Based on these mutation loads, we calculated the effective (or
mathematical) bottleneck size (N,,) for every carrier using the Kimura probability
distribution® (Table 5.2). The Kimura distribution assumes random genetic drift only
and gives an estimated bottleneck size value, which might be different from the
actual mtDNA copy number value in the PGCs. The calculated N_ values are highly
variable, being highest for the m.3243A>G carriers, ranging, on average, from 49-152
mtDNA molecules, whereas N_. for the m.8993T>G and the m.14487T>C carriers
are consistently smaller, 10 and 21 respectively. A clear difference (no overlap in
confidence interval) exists between the m.8993T>G carrier and the m.3243A>G
carrier with the lowest average heteroplasmy (carrier #5), while there is only a slight
overlap in confidence intervals between the m.8993T>G carrier and three of the
m.3243A>G carriers. For the m.3243A>G mutation, the reported values are close to
the estimated effective bottleneck size of 108 in a female carrier of the mutation of
which 82 single primary oocytes have been analysed?.
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Figure 5.1 | Distribution of the percentages of m.3243A>G, m.8993T>G and m.14487T>C mutation
in surplus oocytes, blastomeres and zygotes from seven different carriers. When multiple
blastomeres of a single cleavage stage embryo were analysed, the mutation load plotted for this embryo
was the average of these blastomeres. Every dot thus represents the (average) mutation load of a single
oocyte, embryo or zygote. Horizontal lines indicate average mutation loads with SEM.
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Selection occurs during mtDNA inheritance

The mtDNA segregation pattern can be explained by the Kimura neutral (genetic) drift
theory when bottleneck sizes are variable, but the calculated, effective bottleneck sizes
may not be equal to the actual physical bottleneck. It has recently been suggested
that mtDNA mutations affect their segregation?°, implying mechanisms other than
random genetic drift to occur. If so, differences in the calculated effective bottleneck
size, for which mutation-dependency has been reported’s, are not caused by a lower
physical bottleneck during germline transmission, but that mtDNA inheritance might
be under the influence of mechanisms other than genetic drift.

Several observations in our data of the carriers indicate non-random
mechanisms involved in mtDNA segregation. We observed a strong linear correlation
(P-value = 0.021, R? = -0.93, Figure 5.2) between the effective bottleneck size and
the average m.3243A>G mutation load in the offspring, which suggest that the
effective bottleneck size decreases as the m.3243A>G mutation level in the offspring
increases, implying it is not random. Maternal loads of ~50% are expected, in case
of random genetic drift, to yield the whole spectrum of mtDNA mutations in their
offspring. Despite sufficient data points for m.3243A>G carrier #1 and #3 (mutations
loads ~50%, Table 5.1), an absence of high mutation loads (>80%, Figure 5.1) was
noted, whereas we did observe eight samples in the offspring with a mutation load
<20%. Although statistical normality tests are generally too tolerant to demonstrate
subtle deviations (due to selection) from a Gaussian distribution, this absence of high
mutation loads (>80%) in offspring of m.3243A>G carriers is consistent with what
has been described before® '8, although in one case m.3243A>G mutation between
80 and 90% have been reported in one oocyte and one cleavage stage embryo?'.
Furthermore, it has been reported that carriers of the m.3243A>G mutation with blood
heteroplasmy levels >50% tended to have offspring with same or lower heteroplasmy,
which was less pronounced for mothers with heteroplasmy <50%?22. Taken together,
these data support a strong negative selection above an m.3243A>G mutation load
of 80-90%. At lower levels, as demonstrated by a meta-analysis of literature data on
differences in blood heteroplasmy levels between mothers and offspring, the role
of selection is marginal, as differences in blood heteroplasmy for the m.3243A>G
mutation between mothers and offspring (O-M) equals zero (Figure 5.3, P-value =
0.20).

The distribution of mutation loads in oocytes, zygotes and cleavage embryos
of the m.8993T>G carrier was fundamentally different from the m.3243A>G
mutation and clearly non-Gaussian, showing a non-random, skewed segregation
for this mutation, also indicating selective events are active in during m.8993T>G
transmission. Although results for this mutation are limited to one carrier, comparable
results have been reported in different studies:

- Seven oocytes from a female m.8993T>G carrier were tested and six oocytes
had a mutant load of >95%, while the other had no signs of the mutation?:.

- PGD for an asymptomatic carrier of the m.8993T>G mutation resulted in one
embryo homoplasmic for the mutation and two embryos that were mutation-
free®..

- A large collection of pedigrees with a mutation at nucleotide 8993 (which
can be either T>G or T>C?) showed that the mutation load distribution was
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skewed to the extremes. The proportion of children with a high mutation load
is increased, when the mutant load in the mother is high as well. This is in
particular the case for the m.8993T>G mutation?®.

- Prenatal analysis for the m.8993T>G mutation in six pregnancies indicated
three times a mutation load >95%, two times undetectable mutation loads
(0%) and one had intermediate (30-80%) mutation loads ?’. Intermediate
mutation loads (30-40%) in three embryos after a PGD procedure have been
reported only once?®. However, the remaining seven embryos analysed during
this PGD procedure had either a very low (one embryo with 2.5%) or a very
high (six embryos >95%) mutation load, which supports the predominantly
skewed segregation of the m.8993T>G mutation?.
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Figure 5.2 | Correlation between the average heteroplasmy value in offspring samples (oocytes,
zygotes and blastomeres) from the five m.3243A>G carriers and the estimated bottleneck size based on
the Kimura distribution. After correlation analysis (Pearson), there was a significant correlation (P-value
0.021), indicating that the bottleneck size decreases as the m.3243A>G mutation load increases (R? =
-0.93).

We obtained additional evidence for a non-random, skewed segregation of the
m.8993T>G mutation by performing a meta-analysis (Figure 5.3) of differences in blood
heteroplasmy levels between mothers and offspring (O-M). The m.8993T>G mutation
had a distribution that was significantly different from zero (P-value <0.0001). In these
family studies an ascertainment bias could have occurred, because the families were
identified through an affected child with a very high mutation load. The impact of
such a bias was reduced by ascertainment through the mother, without the proband,
which is also the case in offspring analysis as performed in the families we used for
meta-analysis, our carriers counselled for PGD, other reported PGD analysis?* 28,
and prenatal analysis?’. Taken together, these data indicate the segregation of the
m.8993T>G mutation is under the influence of non-random mechanisms.
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For the m.14487T>C mutation limited information is available in literature and
only one carrier was assessed in our study. Unlike the distribution in the m.3243A>G
and the m.8993T>G mutation, practically all mutation loads are represented and the
distribution appears Gaussian, although due to an overrepresentation of samples with
mutation loads >90%, selection mechanisms cannot be excluded. However, selective
events are expected to have a more minor role on inheritance of the m.14487T>C
mutation, as all mutation loads were tolerated, but on a single carrier, we cannot draw
firm conclusions. Obviously, data regarding segregation patterns and bottleneck sizes
for mutations in human embryos is limitedly available, but the mtDNA mutation specific
mutant load distribution profiles described here are in line with other observations?.
As these patterns are most likely result from selection events, we investigated the
underlying mechanisms.

A m.3243A>G B m.8993T>G

30 309

204

% Frequency
% Frequency

0-M value 0-M value

Figure 5.3 | Frequency histograms of O-M values for m.3243A>G and m.8993T>G transmissions.
Heteroplasmy data from blood for mother to child transmissions were compiled from published studies
of the m.3243A>G (n=111) and the m.8993T>G mutation (n=118). The blood heteroplasmy for the
m.3243A>G mutation was corrected for age to avoid potential bias. O-M values represent the shift
in heteroplasmy between generations (O=offspring, M=mother) of A) m.3243A>G and B) m.8993T>G
Frequency. Histograms were plotted for both mutations, and a Gaussian curve fitted to each plot.

Selection on ATP production capacity of cellular mitochondria

Primordial germ cells are highly dependent on glycolysis?, while developing oocytes
rely on OXPHQOS for ATP production3® 3! in order to establish a minimal cytoplasmic
steady-state ATP level in mature oocytes®" 32 and (activation of) early embryonic
development®® (Figure 5.4). The OXPHOS dependency during oogenesis is
corroborated by the finding that disturbed mitochondrial metabolism leads to a drop in
ATP levels that interferes with oocyte maturation and preimplantation embryogenesis3“.
The ATP demand can only be satisfied by a highly active mitochondrial OXPHOS 33,
as the glycolysis pathway is not active®.

The m.3243A>G mutation affects the mitochondrial tRNA responsible for
leucine-UUR?®® resulting in defective assembly of complexes |, IV and V in myoblasts
homoplasmic for m.3243A>G% and, subsequently, in a decrease in the ATP generating
capacity. As we did not observe any oocytes, zygotes or blastomeres with >80%
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m.3243A>G mutation load, this is most likely a threshold where the large ATP demands
during oogenesis cannot be met anymore despite the high number of mitochondria
and mtDNA (Figure 5.4), and are selected against by a failure of oocyte maturation.
The figure of 80% is in line with what has been reported for cybrids harbouring the
m.3243A>G mutation®:*°, where oxidative capacity started to decline in cybrids with
60% mutation load or higher and was completely lost (maximal respiration <10%
compared to low mutation loads) at 90% mutation load, due to an almost complete
lack of complex |, and severely reduced abundance of complex Ill and IV. ATP levels
rapidly declined in cybrids with >80% mutation load with an upregulation of the
glycolysis pathway®®. This loss in capacity of the mitochondrial energy-generating
system has also been observed in muscle biopsies with high m.3243A>G mutation
loads*’. An adaptive mechanisms has been suggested enabling mutant embryos to
escape selection by activating mtDNA replication?°. The net result would be a large
availability of both mutant and wild-type mtDNA molecules, the latter being able to
rescue the energy deficiency induced by the m.3243A>G mutation. This would also
explain that very high (~90%) m.3243A>G mutations have been reported?', but 100%
mutation load s were never observed.

The m.8993T>G mutation affects the ATPase6 subunit ', and as such
impairs the assembly and stability of the terminal complex (complex V) of the
OXPHOS machinery*?, during which ATP is generated out of a proton gradient. As we
observed very high (>95%) mutation load in oocytes, zygotes and cleavage embryos
of carriers, we concluded that negative selection on ATP production capacity did
not occur during oogenesis. Indeed, a study in lymphocytes showed that despite
high m.8993T>G mutation loads (80-95%), still 25-35% capacity in ATP synthesis
remained*> 44, Likewise, cybrids homoplasmic for the m.8993T>G mutation still
displayed >25% residual ATP synthesis*. This implies that, even when homoplasmic
for the m.8993T>G mutation, oxidative respiration is preserved to a moderate degree,
which, in combination with a high abundance of mitochondria in the oocyte (between
19,000 and 25,000%), appears sufficient to produce cytoplasmic ATP for oogenesis
to proceed normally.

The m.14487T>C mutation is present in the ND6 subunit of complex 14,
thereby affecting its stability and assembly*’. The random distribution argues against
negative selection and, indeed, biochemical investigations showed that in skeletal
muscle, complex | activity was only modestly decreased*, precluding negative
selection on ATP production capacity*®. Selection on ATP production capacity has also
been observed in the germline of a mouse model for mtDNA disease®. A severe ND6
mutation, causing a premature termination of the protein and a subsequent inactivation
of OXPHOS, was selectively eliminated during oogenesis within four generations,
while a milder mutation in CO1, causing only 50% decrease in OXPHOS, was retained
throughout multiple generations. In conclusion, cellular germline selection against
mtDNA mutations depends on the degree that mutations affect the cellular OXPHOS-
capacity of generating ATP in combination with the mtDNA copy number.

Selection on membrane potential of mitochondria

In contrast to the m.3243A>G and m.14487T>C mutations, oocytes, zygotes and
embryos of the m.8993T>G mutation carriers demonstrated skewing to the extremes,
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which suggests that if the mutation is transmitted above a certain level, it gets rapidly
fixed at a high mutation load, indicating positive selection for the m.8993T>G mutation.
This can be explained by changes in the mitochondrial membrane potential (MMP). In
the metabolically active mitochondria of the oocytes, complex V is the major regulator
of the MMP, which must be maintained to support ATP synthesis®. As a result, an
increased MMP is necessary for oocyte maturation and for the competence of an
embryo to develop (Figure 5.4)*:%1, Consequently, MMP has developed as a sensor of
normal, healthy OXPHOS activity, which is being selected for during oogenesis at the
level of the Balbiani bodies, which contain aggregates of highly active mitochondria
with a high MMP®2%, These Balbiani bodies are preferentially transmitted to the
PGCs®. It has been reported that the m.8993T>G mutation causes an inefficient
coupling between proton transport and ATP production*t. In lymphocytes with >75%
m.8993T>G mutation load or with a blocked complex V3, the MMP was significantly
increased compared to wild-type mitochondria, because the proton gradient could not
be consumed by complex V. Since mitochondrial with high m.8993T>G mutation loads
possess a higher MMP, these mitochondria are more likely to be recruited in Balbiani
bodies and subsequently transmitted to the offspring, eventually leading to (almost)
homoplasmy. This most likely occurs above a certain mutation load, when the selection
advantage overrides the genetic drift. Below this threshold, the m.8993T>G mutation
will go to 0% or rarely generate low-moderate m.8993T>G mutation loads?® during
the 15 germ cell divisions that occur during early embryogenesis®. Together, positive
selection events and genetic drift provide for the first time, a plausible explanation
for the consistent skewed segregation of the m.8993T>G mutation. By contrast,
for the m.8993T>C mutation, which is caused by different substitution of the same
nucleotide, a non-skewed, more random segregation pattern has been described,
which can be explained by the fact that ATP production is relatively preserved and
MMP is not significantly affected by the T>G substitution*:.

In case of the m.3243A>G mutation, the almost complete loss of OXPHOS
at high mutation loads causes the MMP to drop, while mitochondria with mainly wild-
type mtDNA molecules (with a higher MMP) would therefore have a preference to be
recruited in Balbiani bodies, adding up to the absence of high m.3243A>G mutation
loads. Mitochondria with lower mutation loads have a similar MMP compared to
those without the mutation and have an equal chance to be recruited in the Balbiani
body. This is also the case for the m.14487T>C mutation, which affects the OXPHOS
system only modestly and has no effect on the MMP. Although convincing evidence
exists for a role of the MMP in selecting mitochondria during oogenesis, definite proof
would come from MMP measurements in oocytes harbouring mtDNA point mutations.
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Table 5.3 | Relative contribution of genetic drift and selection contribute to the segregation of
three mtDNA mutations.

Segregational mechanism m.3243A>G m.8993T>G m.14487T>C
Genetic drift? + + +
Selection on  OXPHOS NEGATIVE POSITIVE NEUTRAL
function?
-  OXPHOS assembly| At90-100% OX- | Only CV affected Stability and
affected? PHOS assembly assembly CI
lost (CI) affected
- ATP  generating | >80% respiratory | 100%: residual OXPHOS
capacity affected? defect ATP drops | activity 20-30% capacity
preserved
- Membrane potential | Severely reduced | Higher due to in- No effect
(‘selection sensor’) efficient coupling
affected

CI, complex 1. CV, complex V.

Conclusion

Random genetic drift is an important mechanism involved in the segregation of
MtDNA. The effects of genetic drift are amplified by the drastic reduction in the
mtDNA molecules transmitted to the offspring by the bottleneck mechanism. Based
on the mutation distribution in oocytes, zygotes and embryonic cells, a considerable
variation in the bottleneck sizes (10 to 152 copies) between carriers and mutations
is calculated, causing different rates of genetic drift. However, non-random mutation-
specific segregation patterns indicate that other mechanisms are active as well
and that genetic drift is supplemented with mutation-specific negative (cellular) and
positive (organellar) selection mechanisms, based on optimal OXPHOS capacity
and MMP. Future studies are needed to test whether the selective mechanisms we
propose here (Table 5.3) are able to explain the segregation of all mtDNA mutations.

Defining the underlying mechanisms of the mtDNA bottleneck are not only
important to predict the recurrence risk for mtDNA mutations carriers more accurately,
it also has considerable implications for the threshold levels for embryo replacement
during PGD, which are currently defined solely on the genetic drift model. Positive
selection of a mutation does affect the threshold, below which embryos are being
transferred safely, as so far only genetic drift is considered. For mutations under
positive selection, the threshold should be reduced. Furthermore, it can have
consequences for mitochondrial replacement therapy, a procedure during which the
nuclear genome from an mtDNA mutation-harbouring zygote of oocytes is transferred
to an enucleated acceptor, harbouring mutation-free mtDNAS®. During this procedure
some carry-over of mtDNA can occur, leading to heteroplasmy, which even in the
case of neutral variants can be preferentially replicated during ESC propagation®. It
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is likely that this effect would be amplified in the case of mutations that confer positive
selection. It will therefore be particularly important to transfer the lowest possible
levels of mtDNA in the event that mitochondrial replacement techniques are used to
prevent transmission of such mutations. The combination of genetic drift and (positive)
selection leaves a chance that those mtDNA mutations (like the m.8993T>G) can
reach higher levels than anticipated by carry-over only. For PGD and mitochondrial
replacement therapy this could be taken into account.

PGC Primary Fully grown Fertilization Cleavage stage
oocyte Qocyte (GV) (M) embryo
0.0 C.o
(o] (o)) ve 00 00
o () o © Go © 00
Metabolic dependency
Coveorme ] oovos

Mitochondrial membrane potential (MMP)

Total mtDNA content

Figure 5.4 | Overview of metabolic dependency, mitochondrial membrane potential and mtDNA
content during oogenesis and early embryogenesis. The primordial germ cells (PGC) are highly
dependent on glycolysis. During oogenesis, the glycolysis becomes blocked and ATP is exclusively
produced by mitochondrial OXPHOS, which becomes essential for oocyte maturation and the
activation of early embryonic development. Likewise, a high mitochondrial membrane potential (MMP)
is essential for oocyte maturation, indicating OXPHOS-dependent ATP production. Furthermore,
mtDNA content increases during oogenesis, allowing compensation in OXPHOS defects, as well as

selection for highly active mitochondria with high MMP.
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Supplemental Experimental Procedures

Table S5.1, related to Figure 5.3 | Publications contributing heteroplasmy values m.3243A>G
and m.8993T>G for meta-analysis.

m.3243A>G mutation m.8993T>G mutation
Pedi- Trans- Reference Pedi- Trans- Reference
grees | missions grees | missions
3 8 (Ciafaloni et al., 1992) 1 3 (Holt et al., 1990)
2 8 (Martinuzzi et al., 1992) 1 1 (Sakuta et al., 1992)
1 5 (Huang et al., 1994) 1 2 (Puddu et al., 1993)
1 4 (Liou et al., 1994) 1 4 (Shoffner et al., 1992)
6 15 (Hammans et al., 1995) 1 5 (Tatuch et al., 1992)
3 8 (Iwanishi et al., 1995) 1 2 (Ciafaloni et al., 1993)
1 2 (Rusanen et al., 1995) 4 6 (Santorelli et al., 1993)
1 1 (Fabrizi et al., 1996) 1 5 (Fryer et al., 1994)
1 3 (Huang et al., 1996) 1 1 (Lodi et al., 1994)
2 8 (Jansen et al., 1997) 1 1 (Pastores et al., 1994)
1 2 (Vilarinho et al., 1997) 1 6 (Degoul et al., 1995)
1 1 (Wilichowski et al., 1998) 1 3 (Houstek et al., 1995)
3 12 (Olsson et al., 1998) 1 8 (Makela-Bengs et al., 1995)
2 2 (Onishi et al., 1998) 1 2 (Tulinius et al., 1995)
1 2 (Chinnery et al., 1999) 1 3 (Bartley et al., 1996)
1 8 (Dubeau et al., 2000) 1 3 (Mak et al., 1996)
1 1 (Hotta et al., 2001) 1 4 (Ferlin et al., 1997)
1 2 (Ko et al., 2001) 4 9 (Uziel et al., 1997)
1 5 (Lien et al., 2001) 4 16 (White et al., 1999)
1 2 (Morovvati et al., 2002) 1 2 (Porto et al., 2001)
1 3 (Cervin et al., 2004) 1 2 (Wong et al., 2002)
1 1 (Chou et al., 2004) 1 3 (Enns et al., 2006)
1 1 (Lu et al., 2002) 1 3 (Steffann et al., 2007)
2 5 (Mkaouar-Rebai et al., 2009)
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Summary

A high mitochondrial DNA (mtDNA) copy number is essential for reproduction, as
it correlates with both the fertility and viability of oocytes and early embryos. We
investigated the effect of a reduced mtDNA copy number during early development
by knocking down mitochondrial transcription factor A (Tfam), a key regulator of the
mtDNA copy number, using morpholino oligonucleotides (MOs). Injected embryos
displayed an embryonic developmental defect, especially of the heart and the
brain, starting at 4 days post fertilization (dpf). In morphant zebrafish, the mtDNA
copy number showed a decrease of 50-80%. Using transcriptomics, we investigated
the effect of Tfam knockdown on the expression of other genes and pathways at
4 dpf. Morphant zebrafish displayed downregulation of mtDNA-encoded proteins
involved in electron transport chain. Regarding nuclear-encoded pathways, metabolic
pathways as well as pathways important for proliferation during embryogenesis were
downregulated, while we observed a significant upregulation of pathways involved
in cell cycle and cell signalling pathways important for embryogenesis. Investigation
of additional nuclear-encoded mitochondrial-related pathways indicated upregulation
of the mitochondrial translation machinery. In line with the upregulation of the Fas
pathway (stress induction of heat shock proteins), we also observed an upregulation
of specific genes involved in the mitochondrial unfolded protein response, some
mitochondrial matrix protease genes, as well as some key genes in apoptosis. Based
on these data we conclude that Tfam knockdown causes an energy deficit during
embryogenesis and an imbalance between mtDNA replication, transcription and
translation, which can explain the (mitochondrial) stress response and pathology
observed. The mitochondrial stress pathway described can have an important role in
diseases associated with mitochondrial dysfunction

Introduction

Animal and human cells are characterized by a variable mitochondrial DNA (mtDNA)
copy number. A single cell can contain several hundreds of mitochondria, each
having multiple copies of mtDNA molecules, depending on the tissue type, energy
requirements and, for example, exercise’. Mammalian mtDNA copy numbers are
highest in oocytes, typically above 100,000 copies, but variation exists among
individuals and among different species?. The high mtDNA copy number in oocytes
is established by a clonal expansion of the mtDNA during oogenesis (* and chapter
3%). A high mtDNA copy number appears to be important for successful fertilization
and embryogenesis and, in mammals, the oocyte mtDNA copy number should be
sufficient for normal vertebrate development until implantation®®. In mice, it has been
demonstrated that oocytes with less than 50,000 mtDNA copies will fail to resume
development after implantation®. This negative correlation between mtDNA copy
number and developmental competence of embryos has also been suggested for
human oocytes’.

Being a key activator of mitochondrial transcription, mitochondrial transcription
factor A (Tfam), a protein of the mobility group box-family?, is crucial in the regulation of
the mtDNA copy number and is essential for mtDNA replication and maintenance®. A
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direct relation between the mtDNA copy number and the total Tfam protein level'® has
been demonstrated in mice embryos with a heterozygous or homozygous germline
Tfam knockout®. Homozygous Tfam knockout mouse embryos had dramatic mtDNA
depletion with severely reduced functioning of the electron transport chain (ETC) and
died after gastrulation and implantation, while heterozygous knockout Tfam mice
had moderately reduced mtDNA levels and respiratory chain deficiency, which was
strongest in the developing heart®. Together, these studies indicate the importance
of sufficient mtDNA copy numbers during oogenesis and embryogenesis for healthy
reproduction, but the precise pathologic mechanism underlying reduced mtDNA copy
numbers during embryogenesis is currently unknown.

The zebrafish Tfam protein is functionally homologous to its human counterpart
and is expressed ubiquitously from the earliest stages of development'. Therefore,
in the present study, we used morpholino antisense oligonucleotides (MOs)" to
establish a tfam knock-down during early embryogenesis in zebrafish. We titrated
the dose of a splice-modifying MO affecting the translation of the tfam pre-mRNA
and induced a >50% drop in the mtDNA copy number in zebrafish embryos at 4 and
5 days post fertilization (dpf). Consistent with a critical role for tfam in embryonic
development®, zebrafish embryos injected with the tfam morpholino were characterized
by a developmental defect, most predominant of the heart and the brain. To further
unravel the effect of reduced mtDNA replication during embryonic development, we
performed global gene expression analysis.

Material and Methods

Zebrafish maintenance and procedures

Zebrafish (Danio rerio) were housed and raised in the zebrafish facility of the University
of Liege as described before™. To retrieve eggs, wild-type adult male and female
zebrafish were separated within the same breeding tank by a plastic divider the day
before breeding. This separation was removed the next day after the light was turned
on in order to allow natural mating and eggs were collected after spawning. Eggs
were collected in Petri dishes containing E3 medium' and kept at 28°C until micro-
injection. Embryos were staged as described before.

Whole-mount in situ hybridization (WISH)

Antisense probes for WISH procedure were prepared directly from PCR amplicons
using T3 RNA polymerase. PCR amplicons of the Tfam gene at both the 3’ (Fwd:
5-GAAATCAAATCGTGGGAGGA-3', Rev: 5-ACAACATGGCGTCCTCTTT-3’) and 5°
(Fwd:5-CCTTTACAGGAGGAGGAGCA-3’,Rev:5-AAAAAGCCGCACTCTCTGC-3’)
end of the gene were amplified. Antisense probes were generated by using a T3
promotor sequence (5-GGATCCATTAACCCTCACTAAAGGGAGGGAA-3’) attached
to the reverse primer, while sense probes were generated by attaching the T3-
promotor sequence to the forward primer.

Zebrafish embryos and larvae of equal age were pooled and fixed in 3.7%
paraformaldehyde (PFA) overnight at 4°C. Subsequently, embryos were dehydrated
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using gradual methanol concentrations and stored in 100% methanol at -20°C. WISH
experiments were performed as described before'. Probes (incubation concentration:
10 ng/pl) were labelled with digoxigenin (DIG). Anti-DIG Fab (Roche) was used with
NBT/BCIP for staining of the hybridized probes. The staining procedure was checked
every 15 minutes.

Knockdown of Tfam and rescue experiments

Antisense oligonucleotide morpholino oligonucleotides (MO) were purchased
from Gene Tools and micro-injected into one or two-cell stage embryos. A splice
modifying MO, targeting the boundary of exon 2 and intron 2-3 (Ensemble:
ENSDART00000092009) of the zebrafish tfam gene (tfam splice-MO: 5'-
CGGCAGATGGAAATTTACCAGGATT-3’), was injected at concentrations of 2, 4
and 6 ng. For controlling the (toxic) effect of the MO injection, a standard control
morpholino (Ctrl-MO) was injected in separate embryos (of the same batch) during
each experiment at equal concentrations. All MOs were dissolved in Danieau
buffer and diluted to appropriate concentrations. Before injection, 0.5% rhodamine
dextran (Invitrogen) was added to the MO solution to monitor proper injection of the
embryos after injection by checking the distribution of the dye using fluorescence
stereomicroscopy.

RNA extraction and efficacy test of splicing MO using RT-PCR

Larvae at 2dpf, injected with either Tfam splice-MO or Ctrl-MO or non-injected controls
(NIC), were grouped (~50-60 embryos per group) and total RNA was extracted
using Trizol reagent and purified using the RNeasy Mini Kit (Qiagen), according to
manufacturer’s instructions. After purification, RNA concentrations were assessed by
the ratio of absorbance at 260/280ng, measured on a Nanodrop spectrophotometer
(Thermo Scientific). 1 ug of isolated RNA was dissolved in RNAse free water; the
remaining RNAwas stored at -80°C. The dissolved RNAwas denatured at 65°C. cDNA
synthesis was performed in the presence of first strand buffer (final concentration:
1x), 0.75 pg oligo-dT (Invitrogen), 0.75 pg random hexamer-primer (Invitrogen),
50 nmol dNTPs (GE Healthcare Life Sciences), 1 U RNAse inhibitor (RNAsin,
Promega) and 5 U reverse transcriptase for 60 min at 42°C, followed by 5 min at
95°C. cDNA generation was confirmed using gel electrophoresis and subsequently
stored at -20°C. The efficacy of the MO injection was tested by PCR-amplification
of three different amplicons of increasing size using a single forward primer
(5-TGCTGGTCAAGTCATTCAGC-3’) in exon 1 and reverse primers in either exon 3
(5-CTTTTGTTCGGTGGTCAACA-3’), exon 4 (5’- TCCGAATGGCTTTTCTTTTG-3’)
or exon 5 (5- CGGACTTTATCGTCCTCTGC-3).

Isolation of mtDNA

Non-injected (NIC) embryos and embryos injected with either 2 of 4 ng tfam splice-
MO or Ctrl-MO were collected individually in sterile tubes at 2, 4 and 5 dpf and directly
frozen (without water). For mtDNA isolation, embryos were thawed and lysed for 4h
at 55°C in the presence of lysis buffer (75 mM NaCl, 50 mM and 20 mM HEPES,
supplemented with 0.4% SDS and 200ug proteinase K (Sigma)). DNA precipitation
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was performed overnight at -20°C after adding isopropanol. After centrifugation, the
DNA pellet was washed with 70% ethanol and dissolved in TE buffer and directly
used for quantification of the mtDNA copy number. At least 8 individual embryos were
isolated per group.

Quantification of mtDNA copy number

The relative mtDNA abundance was quantified by measuring the steady-
state amount of both ND1 (mtDNA NADH dehydrogenase 1, Ensemble:
ENSDART00000093596) and B2M (nuclear gene beta-2-microglobulin, present on
both alleles of the nDNA, Ensemble: ENSDART00000075127) using the 7900HT
Fast Real-Time PCR System (Applied Biosciences). mtND1 abundance was
measured by using a 157-bp amplicon (Fwd: 5-CCACTTAATTAACCCCCTAGCC-3,
Rev: 5-ATGTTTGTGGGGGTAGACCA-3’) and B2M abundance was measured
using a 96-bp amplicon (Fwd: 5- CGCCTGAAAACTACGTTCTACAC-3’, Rev: 5'-
ACTTTCGGAGTGGCTGAAAA-3’). Amplification was performed in the presence of
Sensimix Sybr Hi-Rox (Bioline) under the following conditions: 2 min 50°C, 2 min
95°C, followed by 40 cycles of 15s at 95°C (denaturation) and 1 min 60°C (annealing
and extension). To check for non-specific amplification, a dissociation (melting) curve
was generated: 15s at 95°C, 15s at 60°C, 15s at 60°C, cooling down to 4°C. Samples
were measured in triplicate during at least two runs. mtDNA copy number was
measured using the 2 -22¢t method and normalized to the NIC embryos of the same
age. Statistical analysis was carried out using GraphPad Prism 5.02. Groups were
compared using one-way analysis of variance (ANOVA) followed by the Bonferroni
multiple comparisons test. P-values < 0.05 were considered significant.

Microarray expression experiments and pathway analysis

For micro-array experiments, non-injected embryos and embryos with 2 ng tfam
splice-MO or Ctrl-MO were collected at 4 dpf. In total, 12 embryos from each group
were individually collected in sterile tubes. RNA was isolated using the MagMax-96
for microarray kit (Ambion) according to manufacturer’s instructions. Concentrations
were determined using spectrophotometry on the Nanodrop 2000¢ (Thermo Scientific)
and the Bioanalyzer (Agilent Technologies). Microarray expression analysis was
performed by comparing tfam splice-MO injected and Ctrl-MO injected embryos.
Analyses were performed in 2+2 dye-swap hybridizations.

200 ng RNA was labelled (Cyanine 3-CTP and Cyanine 5-CTP), fragmented
and hybridized using the Low Input Quick Amp Labeling Kit, Two-colour (Ambion),
according to manufacturer’s instructions. After labelling, amplified cRNA samples
were purified using the RNeasy Mini kit (Qiagen) and Cyanine 3 and Cyanine 5
dye concentration, RNA absorbance ratio (260/280 nm) and cRNA concentration
were quantified using the nanodrop 2000C (ThermoScientific). Only samples with a
yield >0.825 ug cRNA and a specific dye activity >6.0 pmol/ug cRNA were used for
fragmentation and hybridization. For fragmentation, 825 ng labelled cRNA was used
and the final volume was adjusted to 41.8 ul with RNAse-free water, followed by the
hybridization procedure, as described by the manufacturer (Ambion). Hybridization
was performed on microarray slides (4x44K zebrafish V3, Agilent) using gasket
slides and a hybridization chamber and incubated for 17h at 65°C and 10 rpm in
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the hybridization oven (Agilent Technologies). Slides were washed with Triton X-102,
freshly added to the Wash Buffers. Microarray slides were scanned using a DNA
Microarray scanner with Surescan High-Resolution Technology (Model 2565CA,
Agilent).

Only transcripts containing a non-empty transcript ID were kept from the
quantification files for the analysis. This resulted in the analysis of 43,394 transcripts
out of the 45,220 available on the arrays. All genes were analysed using a multivariate

Gaussian linear regression (MVN{(x,Y.) where u is the mean, 2 is the covariance
matrix.

, o~ is the variance, and o is both the extra component
of variance across subjects and the common covariance among responses on the
same subject) including slide differences (Slide), dye swap (Dye), background level
(Bg), and a random effect. The inference criterion used for comparing the models is
their ability to predict the observed data, i.e. models are compared directly through
their minimized minus log-likelihood. When the numbers of parameters in models
differ, they are penalized by adding the number of estimated parameters, a form of
the Akaike information criterion (AIC)S.

For each transcript, a model containing the relevant covariates mentioned
above (E(y) =Slide+Dye+Bg) was fitted in order to obtain a reference AIC. Then a
model containing the treatment group (Grp) was fitted (E(y)=Slide+Dye+Bg+Grp).
The transcript under consideration was found to be differentially expressed if the AIC
of this second model decreased compared to the model not containing the treatment.
These statistical analysis were performed using the freely available program R'" and
the publicly available libraries ‘rmutil’ and ‘growth’8,

Identifiers were transformed to Ensemble gene ID codes (ENSDARG). Gene-
ontology analysis and visualization of microarray data on biological pathways was
performed using PathVisio', with the Danio rerio (Dr_Derby Ensembl_80) gene
product/protein database. Significantly changed pathways were identified using
the PathVisio software and calculated (permuted) P-values <0.05 were considered
significant. Additional (mitochondrial) genes and pathways were checked by hand,
after a literature search for nuclear encoded genes known to have a mitochondrial
function.

Results

Expression of zebrafish Tfam during zebrafish development

We studied the expression pattern of Tfam in developing zebrafish embryos and
larvae by whole-mount In Situ hybridisation (WISH) experiments in zebrafish embryos
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(Figure 6.1). Already at 24 hpf, Tfam mRNA was detected in the whole body. At 2 dpf,
Tfam expression was observed with highest concentrations in the developing brain
and heart region of the zebrafish embryos (Figure 6.1A-B), while the antisense probe
did not show any staining (data not shown). This pattern remained at 4 dpf (Figure
6.1C-D), with still high expression in the brain and heart region of the zebrafish embryo
and, in addition, prevalent expression in the chevron-shaped somites (Figure 6.1D).

“-A~

Figure 6.1 | Expression of zebrafish Tfam using whole mount in situ hybridization at A-B) 2 days
post fertilization (dpf), showing expression in the whole body, with highest expression in the head; C-D)
4 dpf, showing expression in the C) head and heart region and D) whole body, especially the somites
(chevron shapes).

Tfam knockdown leads to specific pathologies and reduced mtDNA
content

To establish decreased mtDNA contents in zebrafish embryos we microinjected an
antisense splice-MO targeting tfam-mRNA. Using RT-PCR and sequencing of {fam
from total RNA extracted from MO-injected 2 dpf embryos, we showed that exon 2
was absent from the RT-PCR product (Figure 6.2A-B). The length of exon 2 is 128
nucleotides and deletion of this exon leads to a frameshift and a premature stop
codon at codon 65 (p.H29fs*35), probably leading to an absent or non-functional
TFAM protein.

At 4 dpf, embryos injected with 2 or 4 ng Tfam splice-MO displayed
developmental delay compared to embryos injected with control-MO. The phenotype
included overall oedema, curved tails, necrotized yolk sacs and small eyes (Figure
6.2C). Injection of 6 ng tfam splice-MO was embryonically lethal due to severe
developmental complications (Figure 6.2C). These developmental phenotypes were
absent in embryos injected with control-MO. Microscopic evaluation revealed that
embryos injected with 4 ng tfam splice-MO were smaller, had a reduced brain size, as
well as marked pericardial oedema (Figure 6.2 E-F), phenotypes which were absent
from embryos injected with control-MO (Figure 6.2D). Furthermore, embryos injected
with the splice-MO had a lower heart rate and displayed convulsive movements,
although these parameters were not quantified. Strikingly, all mentioned pathologies
manifested at 3 or 4 dpf, whereas development was apparently normal for tfam splice-
MO injected embryos <3 dpf.

We aimed to perform rescue experiments by injection of full-length zebrafish
Tfam mRNA (100-300 pg). However, injection of zebrafish tfam mRNA appeared to
result in similar (dose-dependent) phenotypes as described for the tfam splice-MO
injection, suggesting that Tfam overexpression also causes pathological phenotypes.
Titration of the rescue mMRNA concentration was unsuccessful.
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Figure 6.2 | Knockdown of Tfam in zebrafish embryos. A) Ensembl sequence alignment of the
amplified RT-PCR product Il of zebrafish at 2dpf being either non-injected controls (NIC, line F19), 4 ng
Control MO injected (MoCon, line F20) and 4 ng tfam splice (e2i2, line F21) block MO injected (TFAM_
MO). In red, the last nucleotides of exon 1, in blue the last nucleotides of exon 2, which are covered by
the Tfam splice-MO sequence and in green the nucleotides of exon 3. For the RT-PCR sequence of the
tfam splice-block MO injected zebrafish exon 2 is completely skipped as a result of the tfam splice-MO
injection, as the nucleotides of exon 1 (in red) are directly followed by the nucleotides of exon 3 (green).
B) Electrophoresis gel comparing the size of three amplified Tfam transcripts of increasing lengths (I-11I)
and a positive control in the POLG gene (PC) in control MO-injected (Ctrl MO, 4ng) and tfam splice-MO
injected (TFAM MO, 4ng) 24 hpf embryos. C) Percentage of 4 dpf embryos with various phenotypes (see
legend) when injected with 6ng control MO (Ctrl MO) or 2, 4 or 6ng of tfam splice block MO (TFAM splice
MO). Phenotype of 4 dpf embryos injected with D) 6ng control MO or E-F) 4ng tfam splice block MO.

Next, we assessed the mtDNA copy number in non-injected, control-MO
injected and tfam splice-MO injected embryos. We found no difference in the mtDNA
copy number in 2 dpf embryos (Figure 6.1A). However, at 4 dpf a significant, ~50%
decrease in the mtDNA copy number was observed in embryos injected with either 2
or 4ng Tfam splice-MO (Figure 6.3B). At 5 dpf, the effect on the mtDNA copy number
was dependent on the dose of the Tfam splice-MO, causing a 50% drop in embryos
injected with 2ng Tfam splice-MO and 80% in embryos injected with 4ng Tfam splice-

MO.

A s B . —— +— C
§1.0 51.0 S
5 3 :
205 Eo.s ;
5 ] %
& & &
00 00

¢ & & e P ¢ & & O P & © &

& & & & & & &

,"cﬁdgl 'b‘a ‘4\\9&{‘ h"& q’{“’& "l-‘(9 hcs \:‘a w@dg' qf'a & h‘g

Figure 6.3 | Effect of Tfam knockdown on the mitochondrial DNA copy number. The mitochondrial
DNA copy number has been assessed at A) 2 dpf , B) 4 dpf and C) 5 dpf in non-injected control (NIC)
embryos, 2 or 4ng control morpholino-injected (ctrl MO) embryos and 2 or 4ng Tfam splice-block
morpholino-injected (TFAM) embryos. Data are normalized to the NIC embryos. Bars indicate mean
values with SEM. P-values are calculated using Bonferroni’s Multiple Comparison Test. * P-value < 0.05,
** P-value < 0.01.
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Differentially expressed genes in morphant zebrafish

To evaluate the effect of Tfam knockdown on the expression of other genes, we
performed global gene expression studies to compare the expression profile of 2 ng
tfam splice-MO injected, 4 dpf embryos with the expression profile of 2 ng control-MO
injected embryos of the same age. Using two-colour microarrays, 43,394 transcripts
were analysed. In total, 37,087 of these transcripts had signal intensity higher than
twice the background signal. 6,683 transcripts (18%) were differentially expressed
with a fold change >50%, 2,977 transcripts were increased, while 3,706 transcripts
were decreased in the tfam splice-MO injected embryos. Expression of tfam was
significantly decreased (fold change (fc): 0.69 (Cl: 0.60-0.80) exclusively in embryos
injected with the tfam splice-MO.

Process-based analysis of differentially expressed genes

Using PathVisio we identified differentially expressed pathways based on the
annotated differentially expressed genes. Nine pathways were found to be significantly
downregulated (genes with fc < 0.67) and eight pathways were significantly
upregulated (genes with fc > 1.5) with PathVisio analysis with a z-score >1.96 and
permute P-value <0.05 (Table 6.1). Downregulated pathways included pathways
involved in (mitochondrial) metabolism, embryogenesis, physiology and cell cycle.
Downregulation of the electron transport chain (ETC) pathways was mainly caused
by a decrease (ND1-6, ND4L, Cytb, COXI-lll, ATP6,8), while most nuclear-encoded
ETC-subunits remained unchanged (Figure 6.4). Upregulated pathways included
pathways involved in cell cycle, cellular signalling, important for normal embryonic
development, as well as the FAS pathway and stress induction of HSP regulation.

Expression of genes with mitochondrial function

Our process-based analysis of differentially expressed pathway is restricted to those
pathways annotated in the Dr_Derby Ensembl 80 gene product/protein database,
which, for zebrafish, is quite limited. Therefore, we investigated the literature?°-3°
for nuclear genes known to have a role in some key mitochondrial functions and
looked up the expression profiles of these genes in our dataset (Table S6.1 and
Table S6.2). We found a significant upregulation of many nuclear genes involved
in mitochondrial translation, including genes encoding for mitochondrial ribosomal
proteases?’, mitochondrial aminoacyl-tRNA synthetases??, tRNA processing and
modification enzymes?®, translation activators and mRNA stability factors?® 2> and
translational initiation, elongation and termination factors®* (Table S6.1). Strikingly,
none of these genes were downregulated, although some have an unchanged
expression pattern. In addition, we analysed various genes encoding proteins with
a role in other mitochondrial processes, including mitochondrial biogenesis and
mtDNA replication proteins?® 26, mtDNA transcription??, protein import and activation®
2 protein quality control (PQC)%*, mitophagy?, apoptosis?® and the mitochondrial
unfolded protein response (UPR)?* 3 (Table S6.2). Expression of genes with a role in
mitochondrial biogenesis or mitochondrial transcription were largely unaffected, while
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downregulation of tfam, rnase H1 and the decreased mtDNA copy number suggest
the process of mtDNA replication was downregulated. On the contrary, many genes
involved in protein import and activation (fomm and timm genes), genes encoding
matrix proteases involved in the mitochondrial PQC (e.g. lonp1, clpp), some genes
encoding key proteins in the apoptosis response (e.g. casp3, casp8), as well as various
genes important for the mitochondrial UPR (hsf1, chop and the mitochondrial heat
shock 70 protein gene hspa9) were significantly upregulated in morphant zebrafish.

Table 6.1 | Identification of significantly downregulated (<0.67) or upregulated (>1.5) pathways
by PathVisio analysis

Pathways Danio rerio Changed Mea- Changed | Z score P-value
(n) sured (n) (%) (Permuted)

Downregulated pathways (metabolism)

Glycolysis and gluconeogenesis 13 27 48.15 712 <0.001

Nuclear receptors in lipid metabo- 5 9 55.56 4.86 <0.001

lism and toxicity

Cholesterol Biosynthesis 5 9 55.56 4.86 <0.001

Electron Transport Chain (ETC) 12 68 17.65 2.51 0.01

Downregulated pathways (embryogenesis and physiology)

Calcium regulation in the cardiac cell 26 83 31.33 7.23 <0.001

Striated muscle contraction 7 22 31.82 3.73 0.002

ACE inhibitor pathway 3 7 42.86 3.1 0.004

Biogenic Amine Synthesis 3 9 33.33 2.54 0.024

Downregulated pathways (Cell cycle)

G protein Signaling pathway [ 1 50 2200 | 323 [ 0.006

Upregulated pathways (Cell cycle)

G1 to S cell cycle control 10 32 31.25 4.07 <0.001
Cell cycle 12 45 26.67 3.80 0.001
DNA replication 7 23 30.43 3.31 <0.001
Alpha6-Beta4 Integrin pathway 9 41 21.95 2.60 0.014
Upregulated pathways (Embryogenesis)
Delta-Notch Signalling pathway 11 52 21.15 2.75 0.005
Canonical Wnt signaling 18 108 16.67 242 0.013
Endochondrial ossification 7 33 21.21 219 0.016
Upregulated pathways (stress-related)
Fas pathway and Stress induction of 6 28 21.43 2.05 0.036
HSP regulation

z-score values > 1.96, P-values < 0.05, and number changed > 2 were considered to be

significant.
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Figure 6.4 | Effect of Tfam knock-down on the expression of genes of the electron transport
chain (ETC). Genes of the ETC significantly differentially expressed due to injection of tfam splice-
MO. Upregulated genes are indicated in green (fold change (fc) = 1.5) or yellow (fc 21.1 and < 1.5).
Downregulated genes are indicated in orange (fc > 0.67 and < 0.91) or red (fc < 0.67). Genes with
an unchanged expression profile are indicated in white (fc < 0.91 and fc < 1.1). Genes with unknown
expression profile are indicated in grey. Genes marked with an asterisk (*) lay encoded in the mtDNA.

Discussion

The main aim of this study was to investigate the role of the mtDNA copy number
during zebrafish development by interfering with mtDNA replication.

Specificity of the Tfam knockdown: timing of the associated phenotype

As Tfam initiates mtDNA replication and determines the mtDNA copy number through
its capability to wrap, bend and unwind the mtDNA'°, a function most likely conserved
in zebrafish'', we established decreased mtDNA copy numbers by knocking down
Tfam using morpholino oligonucleotides (MOs). Using in situ hybridizations, we
observed ubiquitous expression of Tfam in embryos from 24 hours post fertilization
(hpf) to 4 dpf, but expression was specifically stronger in the brain and heart.
This expression pattern is consistent with previous observations during zebrafish
development and indicates that Tfam is expressed ubiquitously during early zebrafish
development, more preferentially in the heart, myotomes and brain", indicating that
mtDNA replication is highest during organogenesis of these organs.

To induce a Tfam knockdown, we micro-injected a splice-modifying MO
targeting tfam pre-mRNA at the boundary of exon 2 and intron 2-3 into 1-4-cell stage
zebrafish embryos. Sequence analysis of the resulting mRNA revealed injection of
the tfam splice-MO induces skipping of exon 2, which causes a frameshift, resulting in
a premature stop codon after 64 amino acids. The resulting aberrant mRNA is either
eliminated through the process of nonsense-mediated mRNA decay®' or a small,
alternative and probably non-functional TFAM protein is produced. In either way, the
tfam splice-MO leads to a transient deficiency in functional Tfam.
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Micro-injection of MOs can potentially inflict off-target effects, not associated
with loss-of-function of the target locus, e.g. through the activation of apoptosis
through the p53 pathway?2. After injection, we found no signs of apoptosis activation
following acridin orange staining. Furthermore, the observed phenotype was MO
dose-dependent and absent in embryos injected with control-MO (the absence of any
biological effect made them suitable as a control for the injection procedure). Also, the
mtDNA copy number was specifically and dose-dependently decreased in embryos
injected with the tfam splice-MO and not in the control-MO injected embryos. Rescue
by co-injection of MRNA of the targeted gene free of the MO targeting sequence®? is an
important validation method, but titration of the full-length zebrafish tfam-mRNA was
unsuccessful and gave rise to similar phenotypes as the tfam knockdown following
MO injection alone. As Tfam overexpression has been reported to cause increased
mtDNA copy numbers, which is accompanied by defective transcription and deficiency
of the electron transport chain®, titration of the mRNA concentration could cause a
detrimental effect of {fam overexpression, prohibiting a successful rescue experiment.
Nevertheless, the specific splice-effect on the mRNA and downregulation of the
mtDNA copy number suggests a specific Tfam deficiency inflicted by the injection of
the tfam splice-MO.

Morphant zebrafish were characterized by a 50-80% reduced mtDNA copy
number and a severe developmental delay from 4 dpf onwards. As Tfam is the main
regulator of the mtDNA copy number® 1°, the effect of tfam knockdown is expected
after the moment mtDNA replication initiates during embryogenesis, which, in
zebrafish, is thought to be when the gastrulation stages pass into the segmentation
stages (chapter 3*) at the end of the first day of development'*. However, our and
previous' expression analysis have revealed that Tfam was already expressed at the
earliest stages of zebrafish development, which is most likely due to a role for Tfam
in mitochondrial transcription. It has been suggested that a strong contribution of
maternal (mitochondrial) transcription genes, like tfam is made to actively transcribe
mitochondrial genomes, which, on the other hand, are not replicated but passively
distributed among the proliferating cells''. Developmental delay was most predominant
from 4 dpf onwards, while mtDNA replication starts at the first day of development.
As embryos receive a tremendous amount of mtDNA copies through their oocytes,
among which high variation is observed between individual oocytes®, this suggests
that many embryos can survive without or with little replication, until mtDNA copy
numbers fall too short to support healthy organogenesis of the heart and brain at
4 dpf during zebrafish development. This consistency in timing further confirms the
specificity of our tfam knockdown.

Deficient mtDNA replication inflicts an energy deficiency during
organogenesis

Besides the drastic decrease in mtDNA copy number, pathways with a role in
mitochondrial-related energy production, including the ETC and glycolysis and
gluconeogenesis, as well as pathways involved in (lipid) metabolism were specifically
downregulated in morphant zebrafish. This indicates that morphant zebrafish suffer
from an energetic and metabolic deficiency at a critical phase of development, when
organogenesis takes place. This is also known from other models, such as mice.
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Differentiation of murine stem cells into specific cell types requires increased Tfam
expression, expansion of mitochondria and mtDNA replication to meet the metabolic
demands of the cell during organogenesis, while (pluripotent) stem cells can maintain
a relatively low mtDNA copy number, with no expression of mtDNA replication
factors, to sustain their energy requirements®. The high energy requirements for
proper organogenesis is corroborated by the complete failure of organogenesis
and embryonic death in mice with abolished ETC function, due to severe mtDNA
depletion established through a homozygous knockdown of either PolgA® or
Tfam®, presumably because of mitochondrial insufficiency. Although we observed
embryonic death only after injection of high doses of Tfam-MO at 4 dpf, this is most
likely a reflection in the models used, as the use of MOs establishes a transient and
possibly incomplete knock-down, which is not the case for a homozygous knock-
out. Bioenergetic profiling of zebrafish embryos has confirmed that zebrafish rely on
an elevated mitochondrial function during organogenesis and a shift from glycolysis
to the oxidative phosphorylation (OXPHOS, partly carried out by the ETC) as main
energy source®*®. The downregulation of both the ETC and the glycolysis pathway
strongly suggests a decrease in mitochondrial-related energy production in zebrafish
embryos injected with {fam splice-MO. The upregulation of various pathways important
for embryogenesis, including Delta-Notch® and Wnt%, can either be considered as
a compensatory response or as a reflection of the overall developmental delay in
morphant zebrafish.

The observed developmental delay was most prominent of the heart and the
brain. During zebrafish development, the heart and the brain are the first organs to
develop® and have a high energy demand, which makes those organs most sensitive
to early embryonic deficits in energy production, as is illustrated by pericardial oedema
and reduced brain size in the morphant zebrafish. The sensitivity of the developing
heart to a reduced mtDNA copy number can also be explained by the requirement
that >30% of the volume of the cardiac muscle has to be occupied by mitochondria
for proper functioning®®. The sensitivity of the heart to the Tfam knockout has also
been observed in mice heterozygous for Tfam®, which caused a respiratory chain
deficiency in the heart, and in mice with disrupted Tfam in the heart and muscle*',
which caused a dilated cardiomyopathy and conduction block.

Imbalance between mtDNA replication and translation in morphant
zebrafish

As follow-up of the strong downregulation of pathways with a role in mitochondrial
energy-production or lipid metabolism, we investigated the expression profile of other
nuclear genes with a mitochondrial function (Table S6.1 and S6.2). A summary of the
mitochondrial processes altered as a result of the Tfam knockdown is given in Figure
6.5. Strikingly, most nuclear-encoded genes with a role in mitochondrial translation
were upregulated, including genes encoding ribosomal proteins, aminoacyl-tRNA
synthethases, tRNA processing and modifying enzymes, translation activators
and mRNA stability factors. Consistent with the reduced mtDNA copy number,
expression of some genes with a role in mtDNA replication, tfam and rnaseh1?, were
downregulated; while genes with a role in the mtDNA nucleotide pool (sucla2, suclg1,
dguok) had an unchanged expression profile. Furthermore, genes encoding 1)
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proteins of the mitochondrial protein import machinery, 2) various matrix proteases, 3)
heat shock proteins and 4) some key apoptotic proteins were significantly upregulated
in morphant zebrafish.

The specific upregulation of mtDNA translation in response to the Tfam
knockdown creates animbalance with the reduced mtDNA replication and transcription.
As the nuclear-encoded proteins involved in mitochondrial translation are produced
in the cytosol and subsequently imported into the mitochondria?’, high abundance of
these proteins could explain the observed upregulation of the mitochondrial import
machinery. The surplus of mitochondrial proteins in the cytosol could lead to a toxic
accumulation at the surface of the mitochondria*®. Furthermore, the reduced presence
of mitochondrial encoded ETC subunits could lead to the accumulation of orphaned
nuclear encoded subunits?*. Toxic accumulation of ribosomal proteins has also been
documented in compounds known to induce ribotoxic stress*4: 45

The accumulation of unfolded or misfolded proteins can trigger a mitochondrial
unfolded protein response (UPR), a mitochondrial-to-nucleus pathway in order to
upregulate the expression of genes encoding chaperones and quality control proteases
in an attempt to restore the mitochondrial protein homeostasis?* “. In our analysis,
upregulation of the Fas pathway and induction of heat shock protein synthesis suggest
that a stress response is indeed activated in the morphant zebrafish (Figure 6.5).
Consistent with activation of the UPR, several proteins of the 70kDa family (Hsp70) of
heat shock proteins showed an increased expression profile, including HSPA9, which
is the mitochondrial member of the Hsp70 family (mtHsp70)*’. In addition, the primary
transcription factor upstream of the heat shock response, heat-shock-transcription-
factor 1 (HSF1)*, which directly regulates the gene expression of the Fas Ligand*®,
was significantly upregulated. Consistent with its role as important mitochondrial
stress response element, the gene for transcription factor Chop #¢ was significantly
upregulated in our analysis. CHOP regulates the expression of mitochondrial
stress genes, such as Hsp60, mtHsp70 and CipP*. ClpP, a matrix protease that
primarily degrades misfolded soluble proteins®, was significantly upregulated in
morphant zebrafish. Lopn1, a matrix protease with a similar function as ClpP%®° was
also significantly upregulated. Altogether, these expression data suggest specific
upregulation of the mitochondrial UPR in response to stress (Figure 6.5).

The factors that can activate the mitochondrial UPR can also result in the
activation of the mitophagy pathway: an autophagy degradation pathway to clear
severely damaged mitochondria?*. In the present study, we found no clear upregulation
of the mitophagy pathway. However, we did observe a significant upregulation of
two key genes in the execution phase of apoptosis, casp3 and casp8®'. It has been
hypothesized that mitochondrial UPR is activated prior to the mitophagy pathway
and that, if mitochondrial damage becomes too pervasive, apoptosis is activated?.
The upregulation of the pro-apoptotic genes casp3 and casp8 suggest that apoptosis
is activated in the morphant zebrafish, possible as a result of the prolonged stress
response, and contributes to the observed pathology as a result of Tfam knockdown
(Figure 6.5).

Recently, a role of nuclear-encoded mitochondrial proteins in various cellular
processes has been suggested*®. The MRPL18 gene for instance, encoding a
mitochondrial ribosomal protein, can also function as a protein of the cytosolic 80S
ribosome, required for the expression of heat shock proteins during stress conditions
through HSF13°. Although we did not observe an upregulation of MRPL18 in our
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analysis, the upregulation of HSF1, hsp70 proteins of the mitochondrial UPR and
apoptosis, suggests upregulation of genes of the nuclear encoded mitochondrial
translation might play arole in the activation of this stress response. This is corroborated
by the capacity of another ribosomal gene, MRPL12, which was upregulated in our
analysis, to modulate mitochondrial gene expression®.
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Figure 6.5 | Mitochondrial processes altered as a result of Tfam based on gene expression
analysis. Tfam knockdown in zebrafish causes a decrease in mtDNA replication, as indicated by the
decreased mtDNA copy number in morphant zebrafish. The low mtDNA copy number, together with
unchanged expression levels of mtDNA transcription factors cause a decrease in the abundance of
mitochondrial mRNA transcripts, as measured by the low abundance of mitochondrial-encoded subunits
of the ETC. The genes involved in the stability of these mitochondrial mRNA transcripts were upregulated,
as well as many (nuclear) genes involved in mitochondrial translation and mitochondrial protein import.
This imbalance between replication and translation, potential accumulation of (translation) protein at the
mitochondrial membrane and the energy deficiency cause a mitochondrial stress response, as reflected
by an increased mitochondrial unfolded protein response, matrix proteases and apoptosis. Together,
these processes contribute to the severe phenotype of morphant zebrafish. Gene symbols represent
genes involved in the implicated process. The change in gene expression induced by Tfam-knockdown
is indicated with arrows; increased expression (1), decreased expression (|), or no change (—).

Concluding remarks

The present study shows that reduced mtDNA copy numbers during zebrafish
embryogenesis leads to an energy deficiency during the critical phase of
organogenesis, for which the heart and the brain are most sensitive. The energy
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deficiency causes a mitochondrial stress response, as mitochondrial- and
energy-related pathways are downregulated, while the translational machinery
is strongly upregulated. This confirms the concept of a tight control between the
mitochondrial functional state and the cellular environment at the translational level*:.
Although it is not clear what stress factor initiates the mitochondrial stress
response; protein accumulation, mtDNA depletion and upregulation of the
translation machinery are all described to inflict such a response. Until now, the
mitochondrial UPR has mainly been described in vitro. The present study shows
that mitochondrial protective mechanisms are also active in vivo (Figure 6.5) and
can have an important role in diseases associated with mitochondrial dysfunction.
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Supplemental Information

Table S6.1 | Expression profile of genes in the process of mitochondrial translation

Gene | Fold Change Gene Fold Change

Mitochondrial ribosomal proteins 1.29 (1.06-1.56)

NA 1.18 (1.01-1.38)

NA MRPS24 1.0

1.35(1.16-1.57) MRPS25 1.0

NA NA

1.68 (1.52-1.86) NA

1.29 (1.15-1.46) NA

1.21 (1.06-1.39) 3.11 (1.43-6.74)

1.36 (1.17-1.58) 1.51 (1.32-1.73)

1.30 (1.14-1.49) MRPS34 1.0

1.34 (1.13-1.59) NA
NA NA
1.0 Mitochondrial aminoacyl-tRNA synthetases
NA AARS2 1.0
MRPL19 1.0 NA
MRPL20 1.0 1.31 (1.24-1.40)
NA 1.0
1.47 (1.29-1.67) 1.31 (1.17-1.47)
MRPL23 1.0 1.0
MRPL24 1.0 1.35(1.16-1.58)

1.54 (1.33-1.79) 1.38 (1.14-1.65)

1.24 (1.04-1.47) NA

NA NA

NA NA

NA tRNA processing and modification enzymes

NA 1.46 (1.24-1.70)

NA HSD17B10, 1.0
MRPP2

1.22 (1.07-1.39) NA

1.37 (1.10-1.69) 1.46 (1.31-1.62)

1.35 (1.14-1.61) NA

1.27 (1.04-1.55) 1.46 (1.32-1.63)

1.38 (2.24-1.55) NA

MRPL40 1.0 NA

1.0 1.42 (1.17-1.73)

NA 2.15 (1.83-2.52)

NA 1.50 (1.34-1.67)

1.54 (1.32-1.79) CDK5RAP1 1.0

I MRPL41 \
0
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1.69 (1.47-1.95)

MTU1, TRMU 1.0

1.24 (1.05-1.47)

1.36 (1.19-1.55)

NA

1.10 (1.01-1.20)

1.43 (1.25-1.62)

Translation activators, mRNA stability factors

NA

1.47 (1.23-1.74)

MRPS18C

Data are means wi

either upregulated (green), downregulated (red) or unchanged (white). Genes in grey were not on the microarray.

NA NA
1.20 (1.03-1.38) NA

MRPS6 1.0 1.0

MRPS7 1.0 NA

MRPS9 NA 1.47 (1.03-2.11)

NA

No homologue

1.26 (1.10-1.45)

1.24 (1.13-1.35)

1.24 (1.04-1.47)

PTCD2 1.0

NA

Initiation, elongation and termination factors

NA RMND1 10
NA TUFM 10
1.41 (1.18-1.69) R
138 (1.10-1.72) GFM1 10
10 C120rf65 10

NA

confidence intervals (Cl). The colours refer to the expression profile of the genes, which were
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Table S6.2 | Expression profile of genes with a function in some key mitochondrial-related

processes
Gene | Fold Change Gene Fold Change
Biogenesis and mtDNA replication and stability Protein quality control
factors
NA MEP, 1.0
NLN
NA 1.31 (1.15-1.49)
NA 0.86 (0.79-0.93)
0.92 (0.84-0.99) 0.86 (0.76-0.95)
C6BP1
N/A 1.52 (1.30-1.77)
NA 1.23 (1.15-1.32)
RRM2B 1.0 1.60 (1.33-1.93)
MPV17 1.0 PARK?7 0.72 (0.58-0.89)
SUCLA2 1.0 Mitophagy
SUCLGH 10 [HTRA2 152 (130-1.77)
OPA1 1.0 USP8 1.0
ENDOG 1.0 USP15 1.0
SSBP1 1.0 USP30 1.0
PGC1A 1.0 0.85 (0.77-0.93)
NRF1 1.0 1.18 (1.06-1.32)
YME1LA1 1.0 0.72 (0.58-0.89)
0.86 (0.76-0.95) NA
1.47 (1.26-1.71) SENP5 1.0
1.60 (1.33-1.93) Apoptosis
Mitochondrial DNA transcription 0.85 (0.77-0.93)
TFB1M 1.0 1.52 (1.30-1.77)
TFB2M 1.0 1.18 (1.06-1.32)
MTERF1 1.0 0.78 (0.71-0.85)
MTERF2 1.0 1.0
[MTERFS | 1.26 (1.01-156) NA
Protein import and activation 1.0
TOMM5 1.0 1.38 (1.25-1.52)
1.38 (1.15-1.66) 2.39 (1.06-1.81)
1.0 1.0
1.32 (1.10-1.60) 2.28 (1.81-2.62)
TOMM34 1.0 1.0
TOMM40 1.0 1.0
1.50 (1.27-1.77) 1.0

1.33 (1.11-1.60)
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1.32 (1.20-1.47)

(UPR)

1.44 (1.28-1.63)

Mitochondrial Unfolded protein response

1.69 (1.26-2.20)

1.48 (1.27-1.72)

1.57 (1.31-1.88)

0.28 (0.23-0.34)

HSPA1L

1.0

TIMM13 1.0
TIMM17a 1.0
TIMM17b 1.0

No homologue

0.81 (0.75-0.89)

1.47 (1.21-1.79)

1.24 (1.02-1.51)

NA

1.40 (1.17-1.68)

1.65 (1.43-1.92)

No homologue

1.20 (1.07-1.34)

No homologue

1.24 (1.11-1.39)

1.0

XPNPEP3 1.0

1.71 (1.51-1.93)

IMMP2L 1.0

HSPA12A 1.0

NA

1.77 (1.54-2.04)

1.41 (1.19-1.67)

HSDP1/hsp60 | 1.0

ata are means with confidence intervals (CI). The colours refer to the expression profile of the genes, which
were either upregulated (green), downregulated (red) or unchanged (white). Genes in grey were not on the

microarray.
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General Discussion

Introduction

Mitochondria are fundamental to the origin of (multicellular) eukaryotes and provide
the eukaryotes, amongst others, with the capability of generating energy, at the cost of
a high mitochondrial DNA (mtDNA) mutation rate. This is partly due to the production
of reactive oxygen species (ROS). The high mtDNA mutation rate has resulted in
endosymbiotic gene transfer (EGT): most genes of the ancestral prokaryotic genome
the mtDNA descends from have been transferred to the nucleus. As a result, the
modern animal mtDNA is a small multicopy genome, containing only 13 protein-coding
genes. The mtDNA mutation rate determines partly the capacity of a species to adapt
to changing energy requirements in new environments. As a result, the mtDNA is
crucial for both individual health and survival of a species’.

The high mtDNA mutation rate induces an evolutionary balanced introduction
of deleterious, neutral and advantageous mtDNA mutations. While the advantageous
mutations allow adaptation of the species, the deleterious mutation can result in
mtDNA diseases’. In animals, the development of a high mtDNA copy number in
combination with a purifying bottleneck during transmission has further limited the
impact of mtDNA mutations. This reduces the effect of the mutations and removes low
copy variants during transmission and a presumably healthy mitochondrial system will
be maintained?. Nevertheless, mtDNA mutations occur and can result in devastating
diseases in an individual. The way mitochondrial systems have evolved to cope with
the high mtDNA mutations load in animals and humans also affects their reproduction
and the way mtDNA diseases are being transmitted®. As a consequence, parameters
associated with the mtDNA have an impact on mammalian fertility® and reproductive
options for carriers of mtDNA diseases.

In the first part of this chapter, we will discuss the role of a high mtDNA copy
number and the purifying mtDNA bottleneck in the development of mitochondrial
diseases and fertility. In the second part, we will discuss how the zebrafish model
can be utilized to better understand the impact of mtDNA mutations, their inheritance
through the mtDNA bottleneck, as well as to test interventions to ameliorate or cure
mtDNA diseases.

The role of mtDNA evolutionary mechanisms in disease and
reproduction

Human mitochondrial diseases: genetic counseling

Incomplete EGT and nuclear gene replacements’ have led to the existence
of two genomes in a eukaryotic cell: nuclear and mitochondrial DNA. Consequently,
two genetically distinct types of mitochondrial diseases exist (chapter 2). Defects in
nuclear mitochondrial genes [which either have been transferred to the nuclear DNA
during EGT (such as Twinkle) or have been replaced by gene exchange from other
sources, like viruses (such as Polg)] lead to Mendelian diseases®. On the contrary,
defects in the mtDNA genes (37 in mammals) lead to maternally inherited or sporadic
de novo mtDNA diseases (at a frequency of 1 in 5,000 individuals®). Currently, over
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150 pathogenic mtDNA mutations have been identified®. The bigenomic origin of
mitochondrial proteins complicates the genetic diagnosis of mitochondrial diseases,
which are clinically highly variable, and for which, in most cases, no clear genotype-
phenotype correlations exist (Figure 1.1 in chapter 1). To identify mutations, genome-
wide diagnostic procedures, like mtDNA sequencing in combination with whole-exome
sequencing are currently taking the stage. However, without a diagnosis based on a
confirmed genetic defect, genetic counseling remains challenging™®.

The nature of the genetic defect in either the mtDNA or nDNA has implications
for the prognosis and transmission of the disorder and for the reproductive choices
that patients or carriers have. Prenatal diagnosis (PND) is the preferred option for
prevention of the transmission of nuclear mutations, but for mitochondrial disorders
caused by heteroplasmic mtDNA mutations, PND is often unreliable, as prediction of
the clinical phenotype from the heteroplasmy level in chronic villus sampling (CVS)
or amniocytes is uncertain. Two exceptions exist. First, mothers of patients with a de
novo mutation, which is fairly common for mtDNA disorders (see below and chapter 4)
have a very low recurrence risk' and PND can be offered for reassurance. Secondly,
carriers of low level mtDNA mutations, that display skewing can be offered PND, as it
is likely that the vast majority of the embryos will be mutations-free’? 3.

Current alternatives for preventing the transmission of mtDNA disorders are
oocyte donation and preimplantation genetic diagnosis (PGD). During PGD for mtDNA
disorders (Figure 7.1C), oocytes are fertilized in vitro, biopsied at the blastomeric
stage and only embryos without mutation or with a mutation load below the threshold
of clinical expression are transferred to the uterus™. For most mtDNA mutations,
insufficient data exists to define a mutation-specific threshold. Recently, this has
been overcome by a meta-analysis, which showed a 95% or higher chance of being
unaffected at a (muscle) mutant level of 18% or less, irrespective of the mutation®
4, This opens up PGD for all heteroplasmic mtDNA mutation carriers who produce
oocytes with mutation loads below this threshold. This is obviously not the case for
homoplasmic mutations and for carriers with a very high mutation load of non-skewing
mutations. Apossible future reproductive option in mtDNAdisorders is nuclear genome
transfer (NGT; Figure 7.1D), a procedure during which the nuclear genome from an
mtDNA mutation-harboring zygote or oocyte is transferred to an enucleated acceptor,
harboring mutation-free mtDNA™. This would be a solution for all mtDNA mutations,
including the homoplasmic mutations. As a result, the offspring would be, apart from
some carry-over, mtDNA mutation-free, while still harboring the nuclear DNA from
the mother. A number of studies in poor quality human rest embryos' or animal
models, like mice'® ' and apes' have demonstrated that functional replacement
of the mitochondrial genome is possible, either by transfer of the pronucleus™, the
spindle transfer'® or the polar body". In the U.K., an approval of regulations to start a
trial of NGT to prevent the transmission of mtDNA disorders has subsequently been
issued, after careful consideration of the technical, ethical and safety issues by the
U.K. Human Fertilization and Embryology Authority (HFEA)* and the Nuffield Council
on Bioethics?'. Prior to a clinical trial, a further preclinical study had to be performed to
solve remaining issues on safety, efficacy and feasibility, involving 500 healthy eggs
from 64 donor women?2, This resulted in a protocol optimized for early pronuclear
transfer (ePNT, shortly after completion of meiosis), vitrification, manipulation and
medium, which generates apparently normal blastocysts with a low carry-over of less
than 2% in the vast majority. No effect on aneuploidy or gene expression is induced
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by the method?. This procedure, if positively evaluated by the HFEA, seems ready for
clinical application, which would provide the definite proofZ.

Carry-over of mutated mtDNA during the procedure is a critical issue, as
this could generate a risk for developing mtDNA disease in the offspring. In most
cases, the carry-over is extremely low. Nevertheless, a study in human cells showed
that even small amounts of mtDNA carried over can lead to a complete conversion
from heteroplasmy levels around 1% to homoplasmy?*. In ePNT carry-over was less
than 2%, but in one of five blastocyst derived ES cell lines a continuous increase in
carry-over mtDNA was observed?2. This indicates that in a situation of mixed mtDNA
templates, which can result in altered mitochondrial function?, either genetic drift or a
replication or selective advantage (as described in chapter 5), may occur. This implies
that mitochondrial replacement does not fully rule out mtDNA disease in the offspring,
but is still more a risk reduction strategy?. Reducing heteroplasmy in mitochondrial
replacement or preselecting mtDNA backgrounds based on replication differences
could further minimize this risk.

Another important concern for applying mitochondrial replacement is the
withdrawal of the mtDNA from its natural nuclear counterpart. Itis a consequence of the
two obligate genomes that OXPHOS integrity is governed by mitonuclear interactions
and both genomes should match. This requires fast and efficient adaptations when
variations arise in one of the genomes?®. Evidence exists that the high mutation
rate in the mtDNA forces counter-adaptations in the nuclear genome to restore
the consequences of deleterious mtDNA mutations, as an evolutionary rescue?.
Mitonuclear variation is acceptable within and between populations, most likely to
allow a certain degree of adaptation to environmental changes and allows long-term
sustainability of our biodiversity when environmental circumstances change, creating
new selection pressures?. However, disruption of mitonuclear interactions might result
in adverse health outcomes? or, in the long term, to reproductive isolation, ultimately
leading to allopatric speciation?. Evidence for an effect on fithess of mtDNA variation
mainly comes from lower vertebrates®. In Drosophila melanogaster, when distinct
naturally occurring mitochondrial genomes were placed against an isogenic nuclear
background, gene expression was influenced by male-specific polymorphisms and led
to male-specific modifications of nuclear gene expression (~1500 genes), indicating a
pervasive retrograde signalling between the genomes®°. Other studies underline the
role of mitonuclear interactions in determining key fitness traits and adverse health
effects in other species (reviewed in?®).

A recent review indicates that the outcomes of mitonuclear interactions
are also dependent on the environment, indicating that these interactions evolve
in response to natural pressures on the population?®. Mitonuclear incompatibilities
increase when the genetic distance becomes larger. For instance, when human
cells lines are depleted of their mtDNA, repopulation with mtDNA from primates
cannot restore the OXPHOS activity in these cells®'. The consequences of potential
disrupted mitonuclear interactions in humans are not clear. Most human populations
are outbred, with considerable mixing of the genomes over recent generations®.
Mitonuclear disruptions have never been described, even for couples with divergent
mtDNA haplogroups, in which a potential mitonuclear mismatch is most extreme. It
has been suggested that during NGT random paring is mimicked®, but long-term
implications have not been studies well and generally only address the paternal
mitonuclear interactions®. This is obviously a concern for NGT, as during NGT
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maternal mitonuclear interactions are disrupted and the impact of this disruption is
unknown. The only experimental evidence of four healthy macaques' born after
NGT, as well as the efficient development to the blastocyst stage with no detectable
effect of aneuploidy or gene expression in human embryos treated with NGT#
seems reassuring, but the consequences after implantation, until the reproductive
age are not known and recent studies suggest that deleterious effects of mitonuclear
incompatibilities will mainly manifest during adulthood?. Definite proof will come from
the trials on NGT in humans in the U.K..

In chapter 6, we have shown that mitonuclear interactions play arole during the
(mitochondrial) stress response that emerges during a Tfam knockdown, suggesting
that these epistatic interactions have an important role in disease manifestation.
Indeed, mitonuclear interactions are thought to be involved in the way either mtDNA
mutations or nuclear genes manifest. The reduced penetrance of homoplasmic
mutations in, for example, Leber’s Heriditary Optic Neuropathy (LHON) and the sex
differences could be explained by a role for the nuclear genome, the environment
or both, although the picture is not yet clear?. In addition, mtDNA variation can also
moderately affect mitochondrial function, not leading to severe mitochondrial diseases,
but contributing to the severity of other genetic or non-genetic disorders, where energy
metabolism is a critical factor. In genetic disorders, mtDNA variants or haplogroups
may rescue or deteriorate nuclear gene mutations, thereby modifying the severity
of disease expression, as has been observed in cardiomyopathies®. More study is
needed to further elucidate the modifying effect of mitonuclear interactions in health
and disease, which potentially adds to the complexity of mitochondrial diseases, but
could also lead to disease prevention when epistatic relations can be matched®.
A final observation with respect to mitonuclear interactions relates to the difference
in the distribution of heteroplasmic mutations over single cells (oocytes, fibroblasts,
blastomeres), which can be random or skewed (chapter 5) and which could also be
the result of a nuclear factor®. Evidence exists from mice studies, in which diverse
patterns of segregation are observed among tissues, with tissue-specific selection
for different mtDNA genotypes?®, not caused by replication efficiency or differences in
OXPHOS-function®.

Human mitochondrial diseases: treatment

No effective therapy for mitochondrial disorders currently exists and several new options
are currently being explored. A dysfunctional OXPHOS system is often associated
with an increased production of ROS®*, for which existing rescue mechanisms may
fall short. In such cases, antioxidant supplementation could be used to ameliorate
disease progression. Increased oxidative stress, however, appears to be mutation and
patient-specific and fibroblasts of patients can be used to estimate the ROS damage
and the potential benefit from antioxidant therapy?®®, although, at the same time, side-
effects should be carefully evaluated*. As can be learned from plants, antioxidant
systems can reduce mutation loads to a lower level than in animals. Therefore, the
use of a heterologous gene, encoding a supplemental oxidase (e.g. AOX), otherwise
absent from mammals, has been suggested as a possibility to neutralize increased
ROS production by defective OXPHOS (reviewed in*").

For (mitochondrial) disorders caused by nuclear genes, in some cases,
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treatments can be offered, based on the specific gene involved*?. Novel approaches
are being developed to correct the more challenging mtDNA mutations, but gene
correction or antigenomic (e.g. transcription activator-like effector nucleases (TALEN)-
based technology) approaches (reviewed in*?) to target the mtDNA particularly
suffer from an evolutionary drawback. Correcting the mtDNA requires correcting a
multicopy genome with a different code. Targeting the mitochondria is therefore quite
cumbersome. An advantage is that it is not necessary to correct all the mtDNA copies,
but it is sufficient to switch the balance to achieve a life-long effect. Promising results
have been obtained in patient-derived cells, in which anti-genomic mitoTALENs were
capabile to specifically eliminate mutant mitochondrial genomes®*4. Very recently, these
genome editing approaches using the mitoTALENSs technology have been applied to
remove mutated mtDNA from oocytes or zygotes*. Application of this approach in
the NZB/BALB heteroplasmic mice, led to the selective removal of the BALB mtDNA
genotype, followed by a significant decrease in the F1 offspring. Furthermore, the
approach has been successfully applied to mouse MIl oocytes, which were fused
with human cells harboring the m.14459G>A mutation [causing Leber’s hereditable
optic neuropathy (LHON)] or m.9716T>C [causing neurogenic muscle weakness,
ataxia and retinitis pigmentosa (NARP)]. Currently, the amount of decrease achieved
with this approach is variable, and the remaining mutation load is higher as can
be achieved with PGD or NGT. Although genome editing approaches can result in
mutation loads below 60%*°, 40% of the patients with a mutation load of 60% are
for many mutations still affected*® and a more significant drop in the mutation load
is required before clinical application. Furthermore, safety and efficiency need to be
tested in human oocytes and zygotes. Alternative approaches that incorporate an
mtDNA-encoded protein in the nuclear DNA require 1) correcting of the code*’, 2)
adding an import sequence and 3) having the protein imported into the mitochondria.
From an evolutionary perspective, this is very unlikely to be successful, as import of
these proteins has not been possible ever in eukaryotic evolution and, with only few
exceptions, the 13 protein-encoding genes in the mtDNA are conserved among all
species, possibly due to high hydrophobicity, as has been demonstrated“®.

In this thesis (chapter 5) we have shown that healthy mitochondria can
compensate dysfunctional mitochondria, thereby preventing disease manifestation.
This stresses the importance of a high mtDNA copy number, as, apart from the
heteroplasmic mutation level, the absolute amount of healthy mitochondria is also
important. We have shown that the mtDNA copy number can differ among individual
zebrafish (chapter 3), suggesting individual variation in the absolute amount of
healthy mitochondria. Targeting this balance, e.g. through the injection of healthy
mitochondria or by stimulating mitochondrial biogenesis, can be an interesting target
for future therapies in order to increase the absolute amount of healthy mitochondria.

Manifestation and transmission of mtDNA disorders

De novo mutations

The interplay of a high copy mtDNA number, high (mutagenic) ROS production and
replication errors create heteroplasmic mutations in somatic cells, but also in germ
cells. During mitochondrial inheritance, the high copy number of the oocyte is strongly
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reduced** %°, thereby creating an increased risk for de novo mutations reaching
functional significance and possible disease, when pathogenic, at the bottom of the
bottleneck (Figure 7.1).

Lethal or pathogenic de novo mtDNA mutations and disease

As shown in chapter 3 for zebrafish, the mtDNA content in oocytes and the constant
time-frame of preimplantation development when no mtDNA replication occurs, causes
that the mtDNA copy number at the bottom of the bottleneck can be much lower than
the mean of ~170-200. This correlates with the chance of a de novo mutation to
become functionally manifest, as has been observed for de novo mutations that reach
homoplasmy in human patients®%3. This is corroborated by our study in zebrafish
oocytes (chapter 4). Large variation in the mtDNA copy number among oocytes exists
in zebrafish (chapter 3), implying that all female fish possess some oocytes with
a potentially high risk that de novo mutations become manifest. The mitochondrial
bottleneck is highly conserved in vertebrates and considerable variation exists in
the mtDNA copy number in human oocytes®, implying that a critical group of oocytes
exists that have an increased risk for de novo mutations that reach high levels of
heteroplasmy. This could explain the high de novo mutation rate (~20%) in human
oocytes®®, as well as the high number of mtDNA disease patients (~25%) that suffer
from a de novo mtDNA mutation™. The pathogenic de novo mtDNA mutations that
reach high heteroplasmy levels will be subject to purifying selection (see below), and
be embryonically lethal or manifest as severe, possibly fatal, disease in the offspring.
As these children generally do not reproduce and the recurrence risk for the mother
is very low, this will not lead to additional patients or familial disease.

Escaping the mtDNA bottleneck and germline selection causes familial (de
novo) disease

As discussed in chapter 5, genetic drift and mutation-specific selection occur during
maternal transmission and their interplay determines the (distribution of) mutation
load(s) in the offspring. Selection occurs either on the ATP generating capacity of
mitochondria or on the mitochondrial membrane potential (MMP) and only mutations
negatively affecting these parameters will be selected against (chapter 5). As a
result, some pathogenic mtDNA mutations are not (or to a lesser extend) subject to
selection. This can either be due to the nature of the mutation, as some mutations can
escape the selective mechanisms, or due to a low heteroplasmy percentage, at which
the biochemical effect is compensated by the wild-type mtDNA molecules. In some
particular cases, as reported for the m.8993T>G mutation in chapter 5, mutations
leading to an increased MMP will be (undesirably) selected for, leading to a skewed
segregation. The segregation patterns of additional mutations should be tested in
relation to whether these mutations affect the ATP generating capacity or the MMP.
Selection during transmission has also been described in mice®. Sequencing
the mtDNA of offspring from genetically modified mice harbouring multiple mtDNA
mutations revealed that non-synonymous changes in protein-coding genes rapidly
disappear from the genome®. Strikingly, some genes, such as ATP6, appeared to
tolerate pathogenic mutations more, while other genes had a stronger signature of
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selection, such as the highly conserved COX1 and COX2 genes®®, an observation that
is in line with the distribution of homoplasmic mtDNA variants in humans®’. Likewise,
mutations were found at a much higher frequency in tRNA and rRNA genes than in
protein encoding genes in both mice*® and humans®, suggesting a lower selective
pressure on these genes. The distribution of tolerated functionally significant variants
in genes coding for proteins is irreversibly correlated with the degree of conversation,
although differences between genes exists®’. In line with the m.8993T>G mutation
(described in chapter 5), ATP6 mutations might not cause a significant drop in
ATP production through OXPHOS and are therefore tolerated, while mutations in
other OXPHOS complexes are more likely to cause drops in the ATP production
and these complexes are therefore highly conserved. As a biochemical effect is
minimal when heteroplasmy levels are below the level of expression, selection will
not remove low-level pathogenic heteroplasmies®. This is corroborated by the high
m.3243A>G (in tRNA-Leu) mutation loads (>80%) needed to cause changes in ATP
generating capacity (chapter 5), which could explain the lower selection pressure
on these mutations. This does not imply that tRNA mutations are moderate at the
clinical level, as many of them can lead to severe and often fatal disease (Leigh
syndrome; Mitochondrial Encephalomyopathy, Lactic Acidosis and Stroke-like
episodes (MELAS), Myoclonic Epilepsy with Ragged Red Fibers (MERRF)). Studies
in Drosophila melanogaster have suggested mutations can also escape selection
as a result of co-existence of different genomes complementing each other, thereby
masking a biochemical defect®. This seems unlikely for the mutations reaching a very
high embryonic mutation load, as complementation would fall short in those cases.

As a result of mutations escaping selection, pathogenic mutations remain
as familial disease in a population* (Figure 7.1B) and low-frequency heteroplasmic
mtDNA mutations with high pathogenic potential are present at high frequencies. The
ten most prevalent mtDNA mutations have a population frequency between 1 in 155%°
and 1in 200%, indicating an even larger pool of all pathogenic mtDNA mutations within
a population, which can be due to de novo mutations®' and/or less-efficient selection
on transmitted mutations®®. Due to genetic drift, dramatic changes in heteroplasmy
levels can occur in limited numbers®? and low-level heteroplasmic mtDNA mutations
can manifest in some cases in future generation as a result (if selection mechanisms
are unable to purify the mutation). As the bottleneck size is highly variable (chapter
3 and 5), even within an individual®®, the degree of genetic drift during inheritance
varies considerably.

The combined action of the mtDNA bottleneck and selection is complex and a
thorough understanding is still lacking due to experimental limitations. The combined
mechanisms induce a complex mtDNA disease inheritance pattern (Figure 7.1),
which is difficult to predict and might be further influenced by the nuclear background.
Additional observations on mtDNA segregation will help to categorize mtDNA
mutations based on their effect on OXPHOS function and MMP, which will help to
predict the segregation of these mutations.

133

505688-L-sub01-bw-Otten
Processed on: 3-10-2016



Chapter 7

(=]
o S
A . —— OO or - Oo B . i 80
e |
g3 g 5
s =
Gemcelic B gye 52 cormenits | | © EE
H H
[
H
fhneptes
cg: Og o° )
ko ssibln de
mﬂnllnﬂ — 505 & 00g ,:,Q';mm..m o % o 2
s coampeisa O@g OOOO & e x;x 0 © 33
00p o ~3
(+] o F
=]
002 0°o°§<? 00 %oy'eg® T
2 (-] ] )
%8 %L 060 °) ta
[} g S0 =5
[=} o FL]
OO Ooo L3 2
o ODO @
oooooo S 00g o % &
0o Q.00
[*I+) 0000 Qg
o2 ocptes o o
o
- D §
. | 000 . — 000
e rdf
HES £3
) - E;
comeens | O 53 aomeons | 6| 23 (]
3
ig E_ E
: :

00 g o Oocytes
00 Lol
O‘:'QooO %O%C? 000 Al Oo 0000%)8 o DA nratistion-fiee
908 oTs) 0 03008 o o2, acceptor cocyte
° ° 28 —

020 Q%Ooc’(% o 00020% ) ooogo" q;’o%" §
0 © 00g oo, o ) oy
W 2@ | W PEy W

000 S3 00 e 23

00¢ %gé’é’ €5 00,01 0 9o 93

DODOCJQ 0000 E 002, 059/ o0, Nudear transierto DN, et
0D ¥ — a8 G%f? ongogoo matntionfre N
022) 33 020 ¢
[+ Xe]

%58 82 %53 ¥

- o

2

g

Figure 7.1 | Mitochondrial evolutionary mechanisms: implications for fertility, mtDNA disease
risk and reproductive options. Mitochondrial DNA is important for healthy human reproduction
(A) and altered mitochondrial parameters can cause fertility problems and mtDNA diseases (B-C).
The mitochondrial evolutionary systems determine the reproductive options patients have. A) After
the bottleneck, a sufficient amount of mtDNA is required for healthy reproduction. Whenever mtDNA
mutations (red circles) are present, these are filtered out by the purifying bottleneck during oogenesis,
rendering only oocytes without mtDNA mutations (black circles). Even if a de novo mutation occurs
during the bottleneck (red thunderbolt symbol), these mutations would be compensated by the high
mtDNA copy number without mutation (all below disease threshold). B) In case of a low mtDNA copy
number, the risk is higher for de novo mutations to reach values above the disease threshold and affect
the offspring. Usually, other oocytes are unaffected and recurrence risk is low. PND can be offered
for reassurance. If the mtDNA amount in oocytes is too low, oocytes would be unable to implant (blue
oocytes) or even to develop (red oocytes), according to the amount of mtDNA present. C+D) Female
carriers of (familial) mtDNA mutations generally produce oocytes with different mutation loads; leading
either to healthy offspring (green oocytes) with a mutation load below the level of expression or to
affected offspring (grey oocytes). During preimplantation genetic diagnosis, the unaffected embryos can
be selected. In some cases, all oocytes carry high mutation loads (D). In these patients, nuclear genome
transfer (NGT) can be a future option, in which the nucleus of the carrier oocytes is transferred to an

enucleated acceptor oocyte with healthy mtDNA molecules.
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Fertility and viability

The mtDNA copy number is important for successful fertilization and embryogenesis
and the oocyte mtDNA content should be sufficient for normal vertebrate development
until implantation®. The dependence of normal fertilization and reproduction on
mitochondria is reflected by the large mtDNA content of fertilized oocytes compared
to unfertilized oocytes® which occurs due to clonal expansion of mtDNA during oocyte
development (as described for zebrafish in chapter 3). Apparently, oocytes with an
insufficient mtDNA amount are prevented from being fertilized, as indicated by the
low mtDNA count in degenerate oocytes®. In mice, it was shown that oocytes with
only 4,000 mtDNA copies can still be fertilized, but fail to develop after implantation
and that at least 50,000 copies of mtDNA are needed in a mature oocyte to be able
to resume development after implantation, which would lead to values of respectively
1-2 and ~22 at the bottom of the bottleneck (Figure 7.1)%. Reduced fertility of oocytes
with low mtDNA counts potentially limits the effect of de novo mutations, as oocytes
with the highest de novo risk (those with the lowest bottleneck size) will not proceed
through development.

Whether the required oocyte mtDNA levels for viable offspring are the same
in humans is unclear, though a clear correlation has been observed between mtDNA
content and the fertilizability of oocytes. Oocytes with fertilization failure had ~152,000
mtDNA molecules®, while in ovarian insufficiency, the count of mtDNA is ~100,000%".
Furthermore, based on the mtDNA mutations in chapter 5, where 20-25% rest activity
was needed to maintain OXPHOS activity in oocytes with on average ~200,000 mtDNA
molecules, we estimate that, in line with mice, also ~50,000 healthy mtDNA molecules
are needed for normal fertilization and early development. A negative correlation
between fertilizability and mtDNA count explains the reduced fertility of oocytes from
older women, since increasing maternal age reduces the mtDNA levels in oocytes®, as
well as their developmental competence®. The observation that altered mtDNA copy
number related to the developmental competence is corroborated by the observation
that premature ovarian failure (POF) can be caused by dominant mutations in the
replication domain of the POLG gene, causing mtDNA depletion™. A recent report
shows that a too high mtDNA copy number at the blastocyst stage will also lead to
reduced fertility, as these embryos were not be able to implant’'. This suggests that
compensation by replication occurs during the usually quiet preimplantation phase,
probably causing a situation of stress, which is a negative factor for implantation.
Together, this implies that the mtDNA copy number may be used as an independent
measure for fertilization outcome?.

The role of mtDNA copy number in fertility would justify supplementation of
mitochondria into infertile oocytes by injection of cytoplasm or mitochondria from
donor oocytes (ooplasm) to enhance fertilization outcomes. In bovines, ooplasm
transfer was able to rescue developmentally compromised oocytes (by ethidium
bromide exposure) and led to proper development™. The first results in humans have
been promising and suggest fertilization outcomes could indeed be improved and
successful implantations were achieved, but concerns have arisen about the health
consequences in the long term, as two of the 17 fetuses had an abnormal karyotype™
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and one of the newborns was diagnosed with a sex-linked autism disorder’. Although
the causality with observed chromosomal abnormalities has not been proven™, it
has led to a FDA initiated stop to human ooplasm transfer. Furthermore, ooplasm
transfer results in sustained, possibly detrimental, mtDNA heteroplasmy from both
donor and recipient’. In pigs, mitochondial supplementation of oocytes with mtDNA
deficiency enhanced embryo development and blastocyst quality and do not justify
these concerns’. Nevertheless, one should be careful, especially in terms of possible
mitonuclear disruptions, as described above, requiring studies on the (long-term)
effects of ooplasm donation’®.

Although male fertility is still ensured even when mtDNA copy numbers are low,
mitochondrial function does determine spermatazoan function’. Energy for movement
is thought to be mainly regulated by the mitochondrial sheath of spermatozoa® and
mitochondrial mutations can reduce sperm motility?'. Although a low mtDNA content
leads to low-quality sperm?®?, sperm with abnormal semen parameters tend to have
increased mtDNA contents with lower mtDNA integrity, most likely to compensate
for the defects®. Especially in those cases with asthenozoospermia (low sperm
motility) caused by mitochondrial defects, intracytoplasmic sperm injection (ICSI)
can be performed. During ICSI, a sperm cell is injected directly into the oocyte, and
can overcome asthenozoospermic cases caused, for example, by a mitochondrial
problem®. The concern that paternal mtDNA could be sustained, whereas it is
normally degraded?® has not been confirmed in ICSI follow-up studies and mice
studies indicate that sperm mitochondria are also degraded after ICSI®: %,

Zebrafish models to study the impact and inheritance of
mtDNA related disorders

The zebrafish model offers ample opportunities to improve our knowledge of
(inheritance of) mitochondrial disorders. As discussed in chapter 1 and 2, the mtDNA
and its features are conserved within the animal kingdom. Consequently, the mtDNA
of the zebrafish has the same complement of 37 genes and 70% similarity with its
human counterpart®”. Conservation of mtDNA sequence, features and the mtDNA
bottleneck make the zebrafish suitable to study the impact, inheritance and treatment
options of pathologies associated with mitochondrial biology.

Modelling mitochondrial diseases

Mitochondrial disorders can be caused by both mutations in the nuclear and
mitochondrial DNA. For nuclear DNA mutations, genome wide diagnostic procedures,
like whole-exome sequencing, reveal new potential candidate genes and mutations
associated with mitochondrial disorders. In order to estimate the impact of such genes
and mutations, functional studies in animal models are required that allow fast genetic
modification, which are generally carried out in invertebrate models. The zebrafish
model offers a unique opportunity to apply efficient invertebrate-style genetics to a
vertebrate and to address vertebrate-related questions in a whole animal setting®®.
Both forward genetics and reverse genetics can be used in the zebrafish model®.
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During forward genetic approaches, mutagenesis is induced using chemicals,
followed by phenotypic screening and cloning of the desired gene®. If phenotypes
are similar to human diseases and/or mutations are in the same genes as the nuclear
genes suspected to cause mitochondrial disorders, these mutants can be further
studied. Reverse genetics approaches aim at introducing mutations in selected target
genes, and analyze the obtained phenotypes only afterwards. With respect to the
zebrafish, a project exists in which efficient chemical mutagenesis, high-throughput
sequencing and a multi-allelic phenotyping scheme is used to identify and phenotype
disruptive mutations in every zebrafish protein-coding gene®. All mutant alleles and
phenotypes are available online (https://www.sanger.ac.uk/resources/zebrafish/zmp/)
and the mutated zebrafish lines are available from international stock centers, which
enhance the use of zebrafish as a model to study genes that are suspected to have
a mitochondrial function. For both of these approaches, chemical mutagenesis is
mainly performed on males, thus leaving mtDNA mutations out of reach.

Amore direct approach is possible by specifically engineering gene sequences.
Targeted approaches to induce these mostly loss-of-function phenotypes are
widespread in zebrafish. Traditionally, the function of nuclear encoded proteins during
zebrafish development can be studied by transiently knocking-down the expression
of these genes using antisense morpholino oligonucleotides (MOs), micro-injected
in the fertilized zebrafish oocytes and active for 3-5 days®!, as described in chapter
6. In this way, the zebrafish has already been used to model nuclear mitochondrial
diseases, e.g. by targeting surf1 (cytochrome oxidase c deficiency)®. However,
concerns have arisen in using MOs in zebrafish, as in one study 80% of the morphant
phenotypes appeared to be unspecific (off-target) effects, and many more specific
defects were not reproduced in available mutants for the targeted gene®:. A recent
study suggested the existence of a compensation mechanism that would rescue
mutated genes while not being effective in knock-down studies, thus giving a possible
explanation for the discrepancy between knock-out and knock-down results®. In
the light of this controversy, methods for rapid generation of mutants are required.
Definitive reverse genetic approaches in zebrafish have become available, including
zinc-finger nucleases (TALEN)®, transcription activator-like effector endonucleases®
and the clustered, regularly interspaced, short palindromic repeats (CRISPR)-
associated 9 (Cas9) systems®’. Especially, the latter system allows efficient and
multiplexed site selective, RNA-guided genome editing®”. Very recently, an RNA-
based method, CRISPR interference (CRISPRIi) has been described for targeted
silencing of transcription using a modification of the CRISPR-Cas9 system. This
system supplies a simplified approach for gene knockdown within 1-2 weeks and can
be used in a variety of organisms, including zebrafish®, to study gene functions and
genetic interactions®. All these approaches can be utilized to study candidate genes
and mutations in the nuclear DNA for mitochondrial disorders, in order to study the
impact of these mutations.

Diseases caused by mutations in the mtDNA are more complex to model, as
heteroplasmy exists and mutations only exert their deleterious effects above a certain
threshold. Introducing a mutation in the mtDNA requires effectively introducing a
mutation in a multicopy genome. Currently, the zebrafish has not been used to model
the effects of mtDNA mutations, but as mitochondria-targeted TALEN (mitoTALEN)
expression have been used to eliminate mutant mitochondrial genomes in patient
derived cells*, the opposite, during which TALENs and/or CRISPRs/Cas9 are
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targeted to mitochondria in order to induce mutations in a significant proportion of the
mtDNA genomes, should be possible. If such approaches result in different mutation
loads, the specific effects of the mutation load can be studied in more detail, enforcing
phenotype-genotype relations for mtDNA disorders.

As the variability of mitochondrial disorders is not only genetic, but also
phenotypic, multiple phenotypic assays need to be present to assess the effect of
mutations (both in the nuclear and in the mitochondrial genome) in full detail. The
transparency of the zebrafish during development greatly improves its imaging options.
Useful in this regard are the zebrafish transgenic lines enabling live imaging of the
mitochondrial network and disruptions to it®. Many of such transgenic zebrafish exist.
Furthermore, several phenotypes resulting from genetic defects in proteins important
for mitochondrial biology have been described®, including elevated ROS production,
OXPHOS inhibition (complex | activity), mitochondrial movement disruption, neuronal
cell loss and behavioral abnormalities (reviewed in®®). As mitochondrial disorders are
often associated with fatigue and exercise intolerance, these behavioral measurements
are important. In this regard, we also have worked on setting-up a device to measure
this exercise intolerance in zebrafish, by monitoring their capacity to swim against
water currents. We are currently developing assays in more detail.

No effective therapy for mitochondrial disorders currently exists. As zebrafish
develop ex utero in the water, screening of novel compounds can be effectively
performed in zebrafish'®. For mitochondrial disorders compounds that could restore
OXPHOS function exist, e.g. riboflavin'® as well as a wide variety of antioxidants®,
and can be tested high-throughput in the zebrafish model. Furthermore, antigenomic
strategies can be tested in the zebrafish model, both for nuclear and mitochondrial
(e.g. mitoTALENSs) genome defects.

Unraveling the processes underlying mtDNA inheritance

The transmission of mitochondrial DNA occurs through a genetic mtDNA bottleneck!®2.
In chapter 3 and 4 we showed that the zebrafish model can be used to assess some
basic parameters of the mtDNA bottleneck, such as size and timing, including de
novo mtDNA mutation risks. Primordial germ cells (PGCs), as well as oocytes from
different developmental stages'®, can be isolated in high amounts from zebrafish
(chapter 3).

In chapter 5 we described that genetic drift and selection underlie the
inheritance of mtDNA mutations. Positive selection on wild-type mitochondria for
a high, and healthy mitochondrial membrane potential (MMP) occurs during the
formation of the Balbiani bodies (Bb)'%, a transient collection of organelles, including
mitochondria, around the nucleus of primary oocytes'®. Proof for the selective
accumulation of mitochondria with a higher MMP in the Bb comes from zebrafish
studies'®. Many studies on the formation of these evolutionary conserved structures
have been performed'”, indicating that studies on the formation of Bbs and the role of
the MMP in the accumulation of highly active mitochondria can be further pursued in
zebrafish. The localisation of active mitochondria to Balbiani bodies can be followed
using fluorescent compounds, such as TMRE, a compound that concentrates inside
mitochondria with a high MMP'%_ If a zebrafish model harbouring mtDNA mutations
(such as the m.3243A>G and m.8993T>G) could be established, differences in MMP
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in oocytes of these zebrafish and wild-type oocytes can be assessed, as well as
whether this relates to their accumulation in the Bb’s in a large amount of samples.

Another approach to study the segregation of mtDNA in zebrafish is by making
use of natural variation in the mtDNA genome between different laboratory strains'®.
Segregation of these neutral variants can be followed over several generations,
which occurs relatively fast in zebrafish, after injecting the mtDNA of one laboratory
strain inside the oocytes from a different strain. This allows a detailed evaluation of
the contribution of genetic drift to the inheritance pattern of mtDNA, as has been
performed in mice"?, but within a large amount of samples, from PGCs to whole
embryos, and to relate this to the mtDNA bottleneck size.

The relation between mtDNA copy number and fertility

Extensive research on reproductive mechanisms in teleost, which includes the
zebrafish, has led to an understanding of reproduction in both fish and vertebrates
as a whole'"". However, compared to mammals, reproduction in fish presents several
unique features™!, which should be taken into account when translating reproductive
research findings in fish to humans. Most of these features are the result of external
fertilization and external embryogenesis in zebrafish. In contrast to most mammals,
zebrafish constantly renew the oocyte stocks, forcing continuous proliferation of
oogonia™?, Zebrafish oocyte development has been described extensively, which
includes the unique process of vitellogenesis, during which storage of yolk occurs®.
The process of vitellogenesis requires an important metabolic effort™!, which could
be a reason for the observed differences in the oocyte mtDNA copy number between
zebrafish and most mammals (chapter 3). Compared to mammals, zebrafish oocytes
have no antrum'®. After vitellogenesis, oocyte maturation occurs, which involves
many cellular processes to enable meiosis resumption and the second metaphase'®.
During ovulation, oocytes are released in the ovarian cavity, followed by spawning:
the deposition of eggs in the water and external fertilization. In humans, blastocysts
are formed at 5 days post-fertilization, which comprises 200-300 cells, which will
implant into the uterine wall, where it undergoes the process of gastrulation. Zebrafish
embryos develop externally and do not implant, however, the onset of gastrulation is
defined by the beginning of involution at 30-50% epiboly, after which the germ ring
appears that will give rise to two germ layers'. In humans, the blastocyst stage is
the endpoint of (in vitro) preimplantation development and the zebrafish equivalent at
30-50% epiboly could serve as a similar stage in zebrafish.

A role for the mtDNA copy number in fertility has been established in mice
and suggests sufficient mtDNA copies are needed in order to produce ATP to support
healthy fertilization®. As shown in chapter 3, the variation in the mtDNA copy number
in zebrafish oocytes within an individual is considerably large and it is likely some of
these oocytes will not be fertilizable. Observations from the laboratory indeed suggest
that a part of oocytes (5-10%) is non-fertilizable; collection of these oocytes might
reveal a relation to the mtDNA copy number. Alternatively, the mtDNA copy number
can be reduced by targeting genes important for mtDNA replication, such as the
knockdown of Tfam using MOs used in chapter 6. As the PGC pool is established
in the time frame of early development, blocking of Tfam could result in a poor
deposition of the PGC pool. As these PGCs will develop into oocytes, these PGCs
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might result in oocytes which cannot be fertilized, as the mtDNA copy number in these
oocytes will be insufficient. In this way the zebrafish model can be used to establish
firm correlations between the mtDNA copy number and fertility and viability. Injection
of cytoplasm or mitochondria from donor oocytes (ooplasm) to enhance fertilization
outcomes has been performed. The optimization of these techniques could also be
established in the zebrafish model, as large amounts of samples enables thorough
evaluation of health effects associated with such techniques.

Concluding remarks and future perspectives

The mitochondria with their own genome were indispensable for the success of
eukaryotic development and the existence of complex, multicellular organisms, such
as in the end human beings. However, every success has a price and in individual
human beings, this price consists of mitochondrial and mtDNA-related diseases
orders, infertility and (accelerated) ageing-related diseases. The consequences of
mitochondrial evolution on fertility, reproduction and offspring are summarized in
Figure 7.1. The studies described in this thesis contribute significantly to identify and
understand the underlying mechanisms, which is of key importance for:

e designing successful gene replacement or antigenomic strategies to correct
mtDNA defects;

e identifying the risk of women having children with mtDNA diseases,

e exploring the safety of innovative (reproductive) treatments, such as nuclear
genome transfer, to prevent transmission of mtDNA diseases;

e options to treat mtDNA related female infertility;

e preventing mitochondrial disease by investing in energy capacity and ameliorating
mitochondrial disease manifestation and progress by ROS protection.

The evolutionary conserved nature of mtDNA-related mechanisms such as the
bottleneck, paves the way of studying the underlying mechanisms in animal models.
As the zebrafish model combines invertebrate genetic engineering advantages with
vertebrate physiology in a high number of samples, zebrafish can play a crucial role
in such studies. Zebrafish can be used to:

e unravel the underlying mechanisms in the inheritance of mtDNA mutation through
the bottleneck;

e studytheimpactof nDNAand mtDNAmutationsin the development of mitochondrial
disorders;

e identify and test possible therapeutic compounds to cure or ameliorate
mitochondrial disorders.

Theodosius Dobzhansky stated that “Nothing in biology makes sense
except in the light of evolution” and this seems particularly the case for genetics and
reproduction.
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Summary
Mitochondrial disorders are a group of inheritable, often fatal diseases or syndromes,
which exhibit a wide variety of clinical symptoms. Mitochondrial disorders are
mostly caused by an abnormality of the ATP-generating machinery, the oxidative
phosphorylation (OXPHOS), and affect about 1 in 5,000 individuals. Organs with
high-energy demands are more prone to OXPHOS dysfunction and brain and
skeletal muscle are therefore the most severely affected tissues. Besides being
clinically heterogeneous, mitochondrial disorders are also characterized by genetic
heterogeneity, as similar phenotypes can be caused by mutations in different genes.
In addition, the genes encoding proteins for mitochondrial function are distributed
over two genomes. Part of the genes lay in the nuclear DNA, while some are part
of the genetic material of the mitochondria: the mitochondrial DNA (mtDNA). The
mtDNA is markedly different from its nuclear counterpart. The mtDNA is a multicopy
genome and cells maintain a high mtDNA copy number. As a result, a mixture of
wilt-type and variant or mutant mtDNA generally co-exists, a state referred to as
heteroplasmy. A mtDNA disease only manifest if the heteroplasmy level (or mutation
load) exceeds a certain threshold. Also, the mode of inheritance is different from its
nuclear counterpart. While the nuclear DNA has a Mendelian inheritance pattern, the
mtDNA transmits exclusively from mother to child. During its maternal transmission,
the mtDNA segregates through a genetic bottleneck, which is a restriction in the
number of mtDNA molecules from the oocytes being transmitted to the cells of the
offspring. The mechanisms underlying this mtDNA bottleneck are still unclear.

The overall aim of this thesis is to characterize the processes that underlie
mtDNA segregation through the mtDNA bottleneck and to explain the de novo mtDNA
disease risks. Specific aims are:

¢ to define the size of the mtDNA bottleneck during transmission;
e toinvestigate the risk of acquiring de novo mtDNA mutations during oogenesis;

¢ to identify the biological processes that underlie the mtDNA bottleneck and
the (mutation-specific) shifts in mtDNA heteroplasmy levels between mothers
and children;

o to study the effect of a low mtDNA copy number on embryogenesis.

In chapter 2 we reviewed the evolution of mitochondria and their genomes. The
existence of two different genomes can be traced back to the origin of eukaryotes,
which is thought to have originated as a result of an endosymbiosis event between
two prokaryotes, both possessing their own genome. During this endosymbiosis a
hydrogen-dependent anaerobic archaebacterium engulfed a respiring eubacterium,
which enabled the host to generate large amounts of intracellular hydrogen-dependent
adenosine triphosphate (ATP). The eubacterium became the mitochondria with their
own genome, the mtDNA. The downside was an increase of reactive oxygen species
(ROS) trapped inside the eukaryotic cell, resulting in high mtDNA mutation rates.
According to Muller’s ratchet theory, accumulation of mutations in the asexually
transmitted mtDNA would occur, ultimately leading to reduced reproductive fitness
and eventually extinction. However, mitochondria have persisted over the course of
evolution, initially due to a rapid, extreme decrease in the mtDNA content through
the process of endosymbiotic gene transfer (EGT) from the mtDNA to its nuclear
counterpart. After the phylogenetic divergence of eukaryotes into animals, fungi and
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plants, additional adaptations have been selected that decrease the detrimental effect
of high mtDNA mutation rates, which has resulted in different DNA characteristics.
Animals have compact mitochondrial genomes, with little recombination, a stable
number of genes and a high mtDNA copy number, whereas plants have larger genomes
with variable gene counts, a low mtDNA copy number and many recombination events.
Fungal mtDNA is somewhere in between. In plants, the mtDNA mutation rate is kept
low, by effective ROS defence and efficient recombination-mediated mtDNA repair. In
animal mtDNA, these mechanisms are not or less-well developed and the detrimental
mutagenesis events are controlled by a high mtDNA copy number in combination with
a genetic bottleneck and purifying selection during transmission. Mobile animals with
a high mtDNA mutation rate can survive better due to an increased capacity to adapt
to more rapidly to changing environmental conditions in terms of energy production,
whereas static plants do not have this need. In animals, a high mtDNA copy number
and the mitochondrial genetic bottleneck are crucial for guarding the balance between
positive, negative and neutral mtDNA variants, which arise as a result of the high
mtDNA mutation rate. The mtDNA genetic bottleneck is highly conserved among the
animal kingdom, reflecting its importance for the maintenance of a homoplasmic wild-
type mtDNA genome in animals.

The mtDNA bottleneck is a restriction in the number of mtDNA molecules
being transmitted from the oocyte to the offspring, thereby creating a sampling effect.
Low heteroplasmic mtDNA mutations can be filtered out in this way. Currently, size,
timing, variation and possible differences between germline and non-germline cells
are not precisely known. In chapter 3 we used the zebrafish model to characterize
the mtDNA bottleneck mechanism in full detail. Zebrafish allow easy collection of
high numbers of (immature) oocytes, primordial germ cells (PGCs) and non-germline
cells throughout embryonic development. Mature zebrafish oocytes harboured, on
average, ~19.0x10° mtDNA molecules with high variation between oocytes. During
the earliest stages of embryogenesis, the mtDNA copy number is divided over the
daughter cells in the absence of mtDNA replication. As a result, the mtDNA copy
number decreases to ~170 mtDNA molecules per PGC, a number similar to mammals,
and to ~50 in the non-germline cells. As the lowest mtDNA copy number occurs at a
fixed developmental stage, variation in the oocyte mtDNA copy number dictates the
mtDNA amount at the bottom of the bottleneck.

To test whether a low mtDNA copy number at the bottom of the bottleneck
renders a group of oocytes vulnerable for de novo mutations reaching significant
heteroplasmy levels, we performed next-generation sequencing (NGS) of the mtDNA
in 103 individual oocytes from eight different zebrafish (chapter 4). Statistical and
biological filters were applied to reliably detect variants with heteroplasmy 21.5%.
Randomly scattered de novo mutations were detected in ~20% of the oocytes. This is
in line with our observation in chapter 3 that ~20% of the germ cells have a mtDNA
copy number at the bottom of the bottleneck of <73. Mutations arising at this point
lead to detectable mutation loads. As the frequency of de novo mutations is close to
the reported error rate of the mitochondrial replication-enzyme polymerase gamma
(POLG), this seems to be the predominant factor. Moreover, this could also explain
the high frequency of de novo mutations (~25%) observed in human patients.

We further characterized the processes underlying the bottleneck in chapter
5, by studying the mutation load distribution of three mtDNA mutations (m.3243A>G,
m.8993T>G and m.14487T>C) in oocytes, zygotes and embryos from multiple
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preimplantation genetic diagnosis (PGD) cycles. Assuming neutral genetic drift,
effective bottleneck sizes were calculated to range from 49-152 (m.3243A>G) to 21
(m.14487T>C) and 10 (m.8993T>G), which is in line with our observations in chapter
3. However, a correlation between m.3243A>G mutation load and the estimated
bottleneck size, the absence of m.3243A>G mutation loads >80%, and a consistent
skewed distribution for the m.8993T>G mutation suggested that non-random,
selection events also take place during mtDNA inheritance. During oogenesis and
early embryonic development cells completely rely on OXPHOS and an abolished
OXPHOS (e.g. when m.3243A>G loads >80%) makes cells unable to pass these
stages. In contrast, the residual OXPHOS-activity of cells harbouring the m.8993T>G
or m.14487T>C mutation appears sufficient, even at ~100% mutation load, probably
compensated by the high mitochondrial copy number. Positive selection for well-
functioning mitochondria with a high mitochondrial membrane potential (MMP), as
a result of the pumping of protons across the mitochondrial inner membrane during
the process of OXPHOS, also occurs during this phase. The MMP is reduced for
most mutations negatively affecting OXPHOS function. However, for the m.8993T>G
mutation the MMP is higher than in mitochondria with wild-type mtDNA, resulting in
positive selection for mitochondria with this mutation. The absence of a clear OXPHOS
or MMP defect associated with the m.14487T>C mutation causes a distribution by
neutral genetic drift only. mtDNA inheritance is thus defined by the interplay of genetic
drift and mutation-specific selection events. This should be taken into account, when
applying prevention strategies, like PGD and nuclear genome transfer (NGT), as
this affects the mutation load that is considered to be safe for transferring a healthy
embryo.

As described in chapter 3, the mtDNA copy number is extensively replicated
during oogenesis to achieve a high mtDNA copy number. This is essential for
reproduction, as the mtDNA copy number correlates with both the fertility and viability
of oocytes and early embryos. In chapter 6, we investigated the effect of a reduced
mtDNA copy number during early development by knocking down mitochondrial
transcription factor A (Tfam), a key regulator of the mtDNA copy number, using
morpholino oligonucleotides (MOs). Embryos with a Tfam knockdown displayed an
embryonic developmental defect, especially of the heart and the brain. The effect was
most predominant at 4 days post fertilization (dpf). These embryos had a 50-80%
decrease in the mtDNA copy number compared to control-injected embryos. Using
transcriptomics, we investigated the effect of Tfam knockdown on the expression of
other genes and pathways at 4 dpf. Morphant zebrafish displayed downregulation
of mtDNA-encoded proteins involved in the electron transport chain. Of the
nuclear-encoded pathways, metabolic pathways as well as pathways important
for proliferation during embryogenesis were downregulated, while we observed a
significant upregulation of pathways involved in cell cycle and cell signalling pathways
important for embryogenesis, and of the mitochondrial translation machinery. In line
with the upregulation of the Fas pathway (stress induction of heat shock proteins),
we also observed an upregulation of specific genes involved in the mitochondrial
unfolded protein response, some mitochondrial matrix protease genes, as well as
some key genes in apoptosis. Based on these data, we conclude that maintaining
and increasing the mtDNA copy number is crucial for normal embryonic development.
Low mtDNA copy number due to a Tfam knockdown lead to an energy deficit during
embryogenesis and an imbalance between mtDNA replication, transcription and
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translation, which can explain the (mitochondrial) stress response and pathology
observed. The mitochondrial stress pathway described can have an important role in
diseases associated with mitochondrial dysfunction.

In chapter 7, a general discussion is provided on the findings in this thesis. The
mitochondria with their own genome were indispensable for the success of eukaryotic
development and the existence of complex, multicellular organisms, such as human
beings. This success had a price, which comprises mitochondrial and mtDNA-related
disorders, infertility and (accelerated) ageing-related diseases. The studies described
in this thesis contribute significantly to identification and understanding of the underlying
mechanisms that define mitochondrial inheritance through the bottleneck, as well as
its role in the occurrence of de novo mtDNA mutations. This is of key importance to
identify the risk of women having children with mtDNA disease, as well as to counsel
and treat these patients. Furthermore, understanding of the evolutionary mechanisms
helps to increase the safety of innovative (reproductive) treatments, such as nuclear
genome transfer as well as options to treat mtDNA-related female infertility.

The zebrafish provides an excellent model to increase our knowledge on
mtDNA genetics, as it combines invertebrate genetic engineering advantages with
vertebrate physiology in a high number of samples. As described in this thesis, the
zebrafish model is useful to unravel the underlying mechanisms in the inheritance
of mtDNA mutations through the bottleneck. Furthermore, the model can be well
applied to study the impact of both nDNA and mtDNA mutations in the development of
mitochondrial disorders. Lastly, the zebrafish is well-suited to identify and test possible
therapeutic compounds to cure and ameliorate mitochondrial disorders. As “nothing
in biology makes sense, except in the light of evolution”, studies, as described in this
thesis, contribute to the development of better counselling and therapeutic options of
mitochondrial disorders.
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Samenvatting

Mitochondriéle ziekten omvatten een groep van erfelijke aandoeningen of syndromen,
met vaak een dodelijke afloop. Pati€nten kunnen een breed scala aan klinische
symptomen ontwikkelen. Meestal ontstaan mitochondriéle ziekten door een defect
in de oxidatieve fosforylering (OXPHOS), de voornaamste bron van cellulaire
energie (in de vorm van ATP). In totaal ontwikkelen ongeveer 1 op 5.000 mensen
een mitochondriéle ziekte. Organen met een hoge energiebehoefte zijn het meest
vatbaar voor een defect in de OXPHOS, waardoor mitochondriéle aandoeningen zich
voornamelijk manifesteren in de hersenen en de skeletspieren. Naast deze klinische
heterogeniteit, is ook het genetische spectrum van mitochondriéle aandoeningen erg
heterogeen, omdat mutaties in verschillende genen kunnen lijden tot vergelijkbare
fenotypes. Bovendienliggen de genendie coderen voor eiwitten meteen mitochondriéle
functie verspreid over twee verschillende genomen. Een deel van de genen liggen
op het nucleaire DNA, terwijl de rest het erfelijk materiaal van de mitochondrién zelf
grotendeels omvat: het mitochondrieel DNA (mtDNA). Het mtDNA verschilt in allerlei
opzichten van zijn nucleaire tegenhanger. Het mitochondriéle genoom komt voor in
meerdere kopieén en cellen handhaven een hoog mtDNA kopie-aantal. Hierdoor
kan een mix onstaan van mtDNA dat wildtype is of dat varianten of mutaties bevat,
een verschijnsel dat bekendstaat als heteroplasmie. Een ziekte veroorzaakt voor
een mtDNA mutatie manifesteert zich alleen wanneer het heteroplasmie-niveau (of
mutatiepercentage) boven een bepaalde drempelwaarde uitkomt. Ook de manier
van overerving verschilt van de nucleaire tegenhanger. Waar de overerving van het
nucleaire DNA plaatsvindt volgens de wetten van Mendel, erft het mtDNA exclusief
over van moeder op kind. Tijdens deze overerving treedt een ‘bottleneckeffect’ op: de
lichaams- en geslachtscellen van de nakomelingen ontvangen slechts een beperkt
aantal mtDNA moleculen van de moederlijke eicel. Hoe de bottleneck precies werkt,
is op dit moment nog onbekend.

De algehele doelstelling van deze thesis is om de processen te karakteriseren
die ten grondslag liggen aan het bottleneckeffect, alsmede om het ontstaan van
nieuwe mtDNA ziektes te verklaren. Specifieke doelen zijn:

e omde grootte van het mtDNA bottleneckeffect tijdens de overerving te bepalen;

e omhetrisicointe schatten waarmee nieuwe mtDNAtijdens de eicelontwikkeling
ontstaan;

e om de biologische processen te identificeren die ten grondslag liggen aan de
(mutatie-specifieke) veranderingen in de mtDNA mutatiepercentages tussen
moeders en kinderen;

e om het effect te bestuderen van een laag aantal mtDNA kopieén op de
embryogenese.

Hoofdstuk 2 geeft een overzicht van de evolutie van mitochondrién en
het mitochondriéle genoom. De verspreiding van mitochondriéle genen over twee
verschillende genomen is het resultaat van de manier waarop eukaryoten zijn ontstaan.
De huidige hypothese is dat eukaryoten zijn ontstaan door een endosymbiose van
twee prokaryoten, beide met een eigen genoom. De ene prokaryoot, een waterstof-
afhankelijke anaerobe archaebacterie, fungeerde hierbij als gastheer voor een
ademende eubacterie, waardoor de gastheer grote hoeveelheden intracellulair
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waterstof-afhankelijke adenosine trifosfaat (ATP) kon gaan produceren. De eubacterie
werd uiteindelijk een mitochondrium met zijn eigen genoom, het mtDNA. Het nadeel
was een toename in de productie van intracellulaire reactieve zuurstofverbindingen
(ROS - reactive oxygen species) met een hoge mutagene activiteit, waardoor een
hoge mutatiefrequentie in het mtDNA ontstaat. Volgens de ratchet theorie van Mdller,
zorgt een opeenhoping van mutaties in een aseksueel overgedragen genoom, zoals
het mtDNA, voor een achteruitgang in de reproductiviteit en uiteindelijk uitsterving.
Dit is met het mitochondriéle genoom niet gebeurd, omdat er verschillende
mechanismen bestaan die de accumulatie van mutaties in het mtDNA voorkomen.
Vroeg in de evolutie is een groot gefdeelte van de genetische informatie vanuit het
mtDNA overgebracht naar de kern (dit proces staat bekend als EGT — endosymbiotic
gene transfer). Na de fylogenetische afsplitsing van dieren, schimmels en planten,
zijn binnen deze rijken verschillende, aanvullende adaptaties geselecteerd die het
schadelijke effect van de hoge mutatiefrequentie verminderden, waardoor het mtDNA
van dieren, schimmels en planten andere kenmerken hebben. Het mtDNA genoom
van dieren is compact, telt een vast aantal genen, komt voor in een groot aantal
kopieén en ondergaat nauwelijks recombinatie, terwijl het mtDNA van planten veel
groter is, met een variabel genenaantal, een laag kopie-aantal en veel recombineert.
Het mtDNA van schimmels lijkt op beide. Planten houden de mutatiefrequentie laag
door middel van een effectieve bescherming tegen ROS enerzijds en een goed
herstel van mtDNA fouten door recombinatie anderzijds. Deze mechanismen zijn veel
minder ontwikkeld in dieren, die de hoge mutatiebelasting opvangen door middel van
een hoog aantal mtDNA kopieén in combinatie met het wedfilteren van mutaties door
de bottleneck tijdens de overerving. Dieren hebben evolutionair gezien een hogere
mutatiefrequentie van het mtDNA, wat als voordeel heeft dat zij zich beter kunnen
aanpassen aan veranderingen in hun omgeving ten aanzien van mitochondriéle
energieproductie en daardoor kunnen migreren. Voor planten geldt dit niet. Bij dieren
is het hoge aantal mtDNA kopieén en de bottleneck van cruciaal belang om de
balans te bewaken tussen positieve, negatieve en neutrale mtDNA varianten. Het
bottleneckeffect is sterk geconserveerd in het rijk der dieren, wat het belang van het
proces voor het behoud van een gezond mtDNA genoom onderstreept.

De bottleneck kenmerkt zich door een beperking in het aantal mtDNA
moleculen dat overerft vanuit de eicel naar de nakomelingen, waardoor een
sampling-effect ontstaat. Dit filtert mtDNA mutaties met een laag mutatiepercentage
uit. De grootte, timing, variatie en mogelijke verschillen tussen kiembaan -en niet-
kiembaancellen zijn niet bekend. Om hier meer inzicht in te krijgen hebben we in
hoofdstuk 3 de zebravis als model gebruikt om de mtDNA bottleneck gedetailleerd in
kaart te brengen. Door de zebravis te gebruiken kunnen we grote aantallen (onrijpe)
eicellen, kiemcellen (PGCs — primordial germ cells) en niet-kiemcellen verzamelen
tijdens verschillende fases van de embryonale ontwikkeling. Rijpe zebravis-eicellen
bevatten gemiddeld ~19.0x10° kopieén van het mtDNA, met grote variatie tussen
eicellen. Tijdens de vroegste stadia van de embryogenese, verdelen de mtDNA
kopieén zich over de dochtercellen en repliceert het mtDNA niet. Hierdoor neemt het
aantal kopieén af tot ~170 mtDNA moleculen in een PGC, overeenkomen met wat in
muizen is gevonden, en tot ~50 mtDNA moleculen in de niet-kiemcellen. Op een vast
moment in de ontwikkeling bevatten de cellen het laagste aantal mtDNA kopieén,
waardoor de variatie in de eicel bepalend is voor de hoeveel mtDNA moleculen die er
dat punt in de cellen aanwezig zijn.
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Om uit te zoeken of het lage mtDNA kopie-aantal, dat ontstaat door de
bottleneck, ervoor zorgt dat sommige eicellen meer gevoelig zijn voor het ontstaan
van nieuwe (de novo) mutaties die een functioneel relevant heteroplasmieniveau
bereiken, hebben we door middel van next-generation sequencing (NGS) de mtDNA
sequentie bepaald in 103 eicellen afkomstig van acht verschillende zebravissen
(hoofdstuk 4). Door gebruik te maken van statistische en biologische filters kunnen we
varianten met een heteroplasmie-niveau 21.5% betrouwbaar detecteren. Ongeveer
~20% van de eicellen hadden een de novo mutatie, die willekeurig verspreid over het
mtDNA lagen. Dit kwam overeen met onze bevindingen in hoofdstuk 3, waar bleek
dat ~20% van de kiembaancellen als laagste aantal 73 of minder mtDNA kopieén
bezitten. Mutaties die op dit punt ontstaan leiden tot detecteerbare mutatieniveaus. De
frequentie waarmee de novo mutaties ontstaan, komt overeen met de foutfrequentie
van het mitochondriéle replicatie-enzym polymerase gamma (POLG). Dit maakt het
aannemelijk dat replicatiefouten de voornaamste bron van mutaties is. Bovendien
geeft het ook een mogelijke verklaring voor de hoge mutatiefrequentie (~25%)
waarmee de novo mtDNA mutaties in de mens worden gevonden.

Op basis van de verdeling van het mutatiepercentage van drie mtDNA
mutaties (Mm.3243A>G, m.8993T>G en m.14487T>C) in restmateriaal (oocyten,
zygoten en embryo’s) verkregen van verschillende humane draagsters die pre-
implantatie genetische diagnostiek hebben ondergaan, hebben we in hoofdstuk 5
de processen die ten grondslag liggen aan de bottleneck verder ontrafeld. Als we
ervan uitgaan dat random genetische drift het effect van de bottleneck bepaalt, dan
hebben de verschillende draagsters een bottleneck-grootte die varieert van 49-159
(voor de m.3243A>G mutaties) tot 21 (voor de m.14487T>C mutatie) en 10 (voor
de m.8993T>G mutatie). Deze waardes komen overeen met onze waarnemingen
in de zebravis in hoofdstuk 3. Drie observaties suggereren echter dat ook niet-
toevalsprocessen of selectie een rol spelen tijdens de overerving van het mtDNA:
een correlatie tussen de hoogte van de m.3243A>G mutatie en de grootte van de
bottleneck, de afwezigheid van mutatieniveaus boven de 80% bij de m.3243A>G
mutatie en de consequent scheve mutatieverdeling bij de overerving van de
m.8993T>G mutatie. Tijdens de eicelvorming en de vroegste embryonale ontwikkeling
zijn cellen voornamelijk afhankelijk van OXPHOS voor hun energievoorziening en een
verstoorde OXPHOS (bijvoorbeeld wanneer het mutatieniveau van de m.3243A>G
mutatie boven de 80% uitkomt) maakt het onmogelijk voor cellen om te overleven. De
restactiviteit van de OXPHOS in cellen die de m.8993T>G of m.14487T>C mutatie
dragen blijkt echter voldoende om, zelfs bij een mutatieniveau van 100%, genoeg
energie te produceren, waarschijnlijk door het hoge mtDNA kopie-aantal. Tevens
vindt er tijldens deze fase positieve selectie plaats voor mitochondrién met een hoog
mitochondrieel membraanpotentiaal (MMP). Deze is het resultaat van het pompen
van protonen over het binnenste mitochondriéle membraan. De MMP is verlaagd
in de aanwezigheid van de meeste mutaties die het OXPHOS-proces negatief
beinvioeden. De m.8993T>G mutatie zorgt er echter voor dat de MMP juist hoger
is in vergelijking met wild-type, mutatie-vrije, mitochondrién, waardoor een positieve
selectie ontstaat voor mitochondrién met deze mutatie. De m.14487T>C mutatie heeft
geen duidelijk effect op zowel de OXPHOS als de MMP, waardoor alleen genetische
drift de verdeling van deze mutatie bepaalt. Het samenspel van genetische drift en
mutatie-specifieke selectieprocessen bepalen dus de overerving van het mtDNA. Het
is van belang dit mee te nemen bij kiezen van de juiste preventiestrategie. Bij PGD
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en nucleaire genoom transfer (NGT) bijvoorbeeld, is inzicht in deze processen voor
de mutaties van belang om te kunnen bepalen bij welk mutatieniveau embryo’s veilig
kunnen worden teruggeplaatst.

Zoals beschreven in hoofdstuk 3, vindt er sterke mtDNA replicatie plaats
tijdens de ontwikkeling van de eicel, waardoor een hoog mtDNA Kkopie-aantal
ontstaat. Dit is van groot belang voor de reproductie, gelet op de correlatie tussen
het aantal mtDNA kopieén en de fertiliteit en de levensvatbaarheid van eicellen en
vroege embryo’s. In hoofdstuk 6 hebben we het effect van een verlaging van het
mtDNA kopie-aantal tijdens de vroege ontwikkeling bestudeerd door het verlagen
(een zogenaamde knock down) van de mitochondriéle transcriptiefactor A (Tfam), één
van de eiwitten die de hoogte van het mtDNA kopie-aantal bepaalt, met behulp van
morpholino oligonucleotiden (MOs). Zebravis embryo’s, waar Tfam was gereduceerd,
vertoonden een defect in de embryonale ontwikkeling, voornamelijk zichtbaar in het
hart en de hersenen. Dit effect was het zichtbaar 4 dagen na de bevruchting (4 dpf —
days post fertilization). Deze embryo’s hadden 50-80% minder kopieén van het mtDNA
in vergelijking met controle-embryo’s. Met behulp van microarrays onderzochten we
het effect van de Tfam knockdown op de expressie van alle bekende genen op 4 dpf.
Zebravissen met een Tfam knockdown hebben een verlaging in de expressie van
genen die op het mtDNA liggen en coderen voor eiwitten van de OXPHOS. Van de
genen die voor nucleaire eiwitten coderen, hadden zowel metabole genen, als genen
belangrijk voor proliferatie tijdens embryogenese een verlaagd expressieniveau,
terwijl genen met een functie in de celcyclus, in de cellulaire signaalprocessen die
belangrijk zijn voor de embryonale ontwikkeling en de mitochondriéle translatie
juist een significante verhoogd expressieniveau hadden. In overeenstemming met
de expressieverhoging van genen uit de Fas pathway (stress inductoren van heat
shock proteins), vonden we ook een verhoging van specifieke genen betrokken bij
de mitochondriéle unfolded protein response, enkele mitochondriéle matrix protease
genen en verschillende kerngenen betrokken bij apoptose. Hieruit concluderen we
dat behoud of toename van het mtDNA kopie-aantal cruciaal is voor een normale
embryonale ontwikkeling. Een verlaagd mtDNA kopie-aantal door een Tfam
knockdown leidt tot een energietekort tijdens embryogenese en een disbalans tussen
mtDNA replicatie, transcriptie en translatie, die de (mitochondriéle) stressreactie en
geobserveerde pathologie verklaren. De beschreven mitochondriéle stress respons
kan een belangrijke rol hebben in ziekten die gepaard gaan met een dysfunctie van
de mitochondrién.

Hoofdstuk 7 omvat een algemene discussie over de resultaten van dit
proefschrift. De mitochondrién met hun eigen genoom waren onmisbaar voor
eukaryoten om zich succesvol te ontwikkelen tot complexe, meercellige organismen,
zoals de mens. Dit succes had een prijs, die bestaat uit mitochondriéle en aan het
mtDNA-gerelateerde ziekten, infertiliteit en ouderdomsziekten. De studies zoals
beschreven in dit proefschrift leveren een belangrijke bijdrage aan het begrijpen van
de mechanismen die de overerving van mitochondrién via de bottleneck bepalen,
evenals hun rol in het ontstaan van de novo mtDNA mutaties. Dit is van groot belang
voor het inschatten van het risico dat vrouwen een kind met een mtDNA ziekte
krijgen en het counselen en behandelen van deze patiénten. Verder zorgt een beter
begrip van de evolutionaire mechanismen voor een verbetering van verschillende
innovatieve therapieén, zoals NGT.

De zebravis is als model uiterst geschikt om onze kennis van het mtDNA
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te vergroten, omdat het eenvoudige genetische manipulatie mogelijk maakt in een
gewerveld dier. Zoals te lezen in deze thesis, is de zebravis nuttig gebleken om
meer inzicht te krijgen in het bottleneckproces en kan het bovendien worden gebruikt
om zowel nucleaire als mtDNA mutaties te bestuderen. Tenslotte is de zebravis
ook nog geschikt om nieuwe therapeutische stoffen die mitochondriéle ziektes
kunnen verlichten of genezen, te identificeren en te testen. Ook de zebravisstudies
beschreven in dit proefschrift dragen daarom bij aan de ontwikkeling van betere
opties tot counseling en therapie van mitochondriéle aandoeningen.
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Summary

Over the past decades the zebrafish (Danio rerio) has developed as an important
organism in developmental genetics, neurophysiology and biomedicine'. Currently,
the zebrafish model is also used to study complex behaviour, such as addiction,
anxiety, or physiological pattern and age-related diseases?. As with mitochondrial
disorders, for most of these diseases, a change in movement (such as heartbeat or
eye movement) or swimming is a fundamental phenotype. To study these movement
phenotypes in zebrafish larvae up to 7 days post fertilization (dpf), equipment exists,
like the Zebrabox and Daniovision, which allow automatic monitoring and recording
of heartbeat, blood flow, motility and activity in 96-well plates®. The zebrafish larvae
activity can be modulated by light/dark period and by drugs. Although already well-
established there is a need to extend the read-out parameters by including muscle
loading/physical challenges to study exercise intolerance, a fundamental phenotype
in ageing and various genetic disorders, including the mitochondrial disorders, and
different stress triggers to study behavioural phenotypes. Alongside the studies
presented in this thesis, we have aimed, together with Maastricht Instruments BV,
to develop these modules for this growing market, which can be incorporated into
existing Zebrabox hardware and commercialized together with the manufacturer of
these systems. However, the modules should be optimized and validated.

Introduction

Maastricht Instruments BV (Ml) is a spin-off company of Maastricht University Medical
Centre, which is specialized in the development of innovative tools and instruments
for research purposes in the field of Life Sciences. As such, Ml has developed
platform technology to measure accurately behaviour, including physiological aspects
of test subjects, patients and animal models under various conditions. This platform
technology can be modified or extended to accommodate the needs within specific
research projects. As there is a strong tendency in science and society to reduce
investigations in rodents and larger animal models, smaller and ethically more
acceptable models, like zebrafish, are becoming more and more popular. Zebrafish
are generally studies as larvae, for which no ethical approval is required, but also
as adult fish. Ml recognized a potential market in these developments to extend its
portfolio of measuring behaviour to new animal models, like zebrafish.

The applicability of the zebrafish in the field of genetic diagnosis derives from
their perfect reverse genetic tools. Important to this development is the Zebrafish
Mutation Project (ZMP) from the Wellcome Trust Sanger Institute, which aims to
create a knockout allele in every protein coding gene of the zebrafish genome* and
will be made available to the scientific community. This is a major advance for genetic
screenings. The studies presented in this thesis have indicated that mitochondrial
genetics and function are well conserved in the zebrafish, which underlines their
utility in studying mitochondrial disorders. In addition, the zebrafish model is also
used to study complex behaviour, such as addiction, anxiety, or physiological pattern
and age-related diseases?. Although zebrafish movement is central is almost all
these conditions, current zebrafish monitor systems are limited in tracking zebrafish
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movement in standing water and offer a limited number of stimulations modalities
(application of light is common, whereas options for electrical stimulation are limited)®.
A zebrafish monitor is required, which has the possibility to perform muscle-loading
tests and has a more extensive implementation of various stimulation modalities. It is
our goal to develop a module, compatible with the Zebrabox, that enables exercise
(in)tolerance test, to further complement the zebrafish as a disease model. In this part
of the valorisation we describe the development of a zebrafish flow arena monitor,
with a focus on the commercial and societal impact.

Methods

Because of the existing experience with the ZebralLab software in combination with
the ViewPoint Zebrabox system it has been decided not to start the development of
a complete zebrafish monitor system but to develop a new module, which can be
incorporated in existing systems. The existing system has sufficient space at the
sampling position to accommodate a customized microplate. Minor adjustments
might have to be made to the housing to accommodate supply and drain tubes.
The flow entering the compartments will be generated by means of an accurately
controllable pump. The microplate will be designed such that similar flow conditions
occur in all the compartments. Computational Fluid Dynamics (CFD) computations
and measurements in prototype microplates will be applied to validate the flow field.
The system will be designed such that zebrafish can easily be transferred to the
compartments and that the microplates can easily be switched. The flow system will
be designed to reduce possibilities for fluid soiling to a minimum. Zebrafish should
be kept in fluid with a constant temperature of approximately 28°C. Water quality is
guaranteed by the use of filters and a UV lamp. The flow system will be designed
to control both the temperature of the supply of water towards the microplate and
the microplate itself accurately. The Zebrabox hardware will be applied to record the
motion of the zebrafish and larvae, subsequently. The motion (speed/pattern) will be
recorded by means of the ZebralLab software. Control of the stimulation modalities

are integrated into the ZebralLab software.

Results

An evaluation of the potential market for these devices was performed and resulted
in the removal of adult zebrafish from our designs since a flow-tube for adult fish
already exists on the market. Hence, we focused on solutions for zebrafish larvae.

Proof-of-principle flow system

For the exercise (in)tolerance test, we have developed a flow tube proof-of-principle.
It consists of a device which can be inserted in the Zebrabox and allows accurate
control of temperature and water flow rate. The device consists of a series of parallel
flow tubes (Figure 1) and water treatment unit (Figure 2). Herein, the zebrafish
embryos can undergo a protocol for forced swimming against an increasing flow rate.
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In this way, critical swimming speed (standard measure of swimming performance)
can be determined in real-time. Multiple flow tubes are placed in the field of view of
the monitoring system. The flow entering the compartment is generated by means of
an accurately controllable pump (Figure 2). At the inlet of the tubes the water enters
at a specific flow rate. A plug-like flow is established by directing the water through
a set of static mixers to disperse the flow over the surface of the tube (Figure 1),
thereby generating a turbulent flow. This turbulent flow is led through a special filter
that creates a laminar plug-like velocity. Zebrafish are only capable of swimming in
this area in order to monitor their behaviour. The tube is part of a system that provides
flow and temperature control (Figure 1).

Figure 1 | Proof-of-principle exercise intolerance testing device. Water flow enters at the left site,
and static mixers (blocked for IP reasons) and a special filter create a laminar-plug flow in the transparent
area. In this area, zebrafish are capable of swimming as this is placed in the focus of the Zebrabox
monitoring system.

Optimization and validation

The performance of the first prototype flow chambers has been evaluated
and adapted accordingly. The ease of use and the applicability for use
with zebrafish embryos was tested. Furthermore, the system with the flow
chambers has to be made compatible with the use of the on-board camera.
For this the flow chambers will be housed in a compartment filled with water
to avoid issues with the differences in refractory index of water, glass and air.
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Reservoir

/

Vacuum pump

Temperature
controller

Figure 2 | Proof-of-principle design water treatment unit. Water reservoir and flow/temperature
controller are assembled in two units. The water reservoir unit contains a tank which feeds the flow
arena. The controller unit controls flow rate, temperature and water quality (UV sterilization).

We have validated the system by treating embryos with compounds that inhibit
cellular energy production (inhibitors of OXPHOS). Clear differences in swimming
behaviour performance in treated and control groups could be demonstrated (Figure
3). The proof-of-principle consists of a device that is capable of determining exercise
intolerance in zebrafish embryos.

T
|

Critical swimming speed (U, BL)

Control OXPHOS inhibition Literature 7dpf

Figure 3 | Validation of the exercise intolerance test. Embryos (5 dpf) were incubated in water
with or without an OXPHOS inhibitor (NaN,), after which they were placed in the tubes to perform the
exercise protocol. U__ values were lower in the embryo’s that received OXPHOS inhibition.

crit
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Conclusions and commercial perspectives

The exercise (in)tolerance device can be used as read-out for any genetic variant
or compound affecting muscle power, mobility or exercise intolerance, like for
example mitochondrial disorders. Over 800 laboratories worldwide carry out research
on zebrafish. After the validation phase the adapted prototypes are ready to be
transformed into devices that can be mass produced and commercialized. To this
end, a feasibility study to evaluate the possibility for patent application is performed
by MI. MI expects with this new product to extend its portfolio of platform technology
to measure accurately behaviour including physiological aspects of test subjects,
patients and animal models under various conditions, to an exciting new model
organism with considerable market potential.
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Science as subject of societal discussions has gained a lot of popularity over the
last years. In many areas of science, interesting developments, e.g. in the field of
biotechnology, neuroscience and cancer treatments, have created an increasing
attention by the media. In the Netherlands, the television show “De wereld draait
door (DWDD)” invites scientists on a regular basis. In the spin-off “DWDD University”,
special attention to a scientific topic is given by means of a live college by a renowned
scientist. Scientists like Robert Dijkgraaf and Erik Scherder have given enthusiastic
and inspiring colleges on scientific subject with for a broad audience. While science
always has been discussed in small communities, such developments has made
science accessible for a broad public. As a result, science has become more popular.
Science is complicated and highly specialized, with many experts in their own
focusses field of research. In order to keep science accessible for both colleagues
in different field as the broad public, | believe that scientists should be trained in the
basics of journalism in order to be able to share their knowledge to both colleagues
and the broader public.

As scientist, | decided to follow a course on Science Journalism from SCW
in Amsterdam. During 12 course days, scattered over 4 months, | was trained in
writing for a broad public (including newspapers, magazines, online blogs etc.) about
science in order to contribute to responsible awareness of the public on scientific
matters. During this course, | have written many different scientific stories, which
were criticised by trained science journalists. | have learned to acquire a clearer
and direct writing style when writing about science. The course has contributed to
my development as scientist and made me aware of the societal role that scientists
have, as we are mostly paid by public money. When scientist act in public, such as a
television show, an enthusiastic, clear and direct communication about science will
contribute to the trust society places in science, as it enables a more transparent view
on the scientific process.

Besides this, the course was also useful for my scientific writing. The tendency
in most journals to write about science in their specific jargon, mostly in complicated
and long sentences. Direct writing, which benefits the public, also benefits our
colleagues. It will allow a better understanding of the science that has been carried
out, which allows a better check on the underlying scientific process. Also, in line
with the expectation to prepare a short description for the laymen alongside with the
project application, aspects from journalism in scientific writing are becoming more
and more indispensable. Lastly, as | have experienced that scientific journals are
increasingly expecting author summaries, graphical abstracts and even movies to
further illustrate the scientific paper, the journalistic tools | learned have been of great
value for my scientific career.
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In een promotietraject leer je een hoop. Vanzelfsprekend op het gebied van de weten-
schap, maar veel meer nog over jezelf. Het is absoluut waar dat je jezelf op gezette
momenten tegenkomt en je verbaast over hoe je op bepaalde situaties reageert. Ik
ben helemaal niet het type dat graag alleen op pad gaat, en juist mijn promotietra-
ject vroeg om een intensieve samenwerking met de université de Liége, een eindje
verderop, bij onze Zuiderburen. In veel opzichten is dat toch ver weg, met een cul-
tuur —én taalbarriére. Ondanks alle moeite die het me heeft gekost, ben ik nu blij en
trots op de goede samenwerking die er met deze universiteit is ontstaan. En heb ik
ook daar veel meer geleerd dan alleen “werken met zebravisjes”. Zo zijn er nog veel
leermomenten op te noemen, van het doen van experimenten tot het geven van pre-
sentaties, maar ook over het organiseren van dagjes-uit, borrels en andere sociale
experimenten. Uiteindelijk is organiseren wel het toverwoord in je promotie.

Het heeft heel wat voeten in de aarde gehad om een proefschrift voor elkaar
te krijgen en omdat je je dagelijks begeeft tussen allerlei gepromoveerden is het soms
moeilijk om te bevatten dat het afleveren van een proefschrift iets is om even bij stil
te staan. Dan besef je dat er een hele berg mensen zijn die daar, ieder op geheel
unieke wijze, een bijdrage aan hebben geleverd. Want promoveren doe je niet alleen,
dat mag duidelijk zijn. Er zijn mensen die je de kansen geven; de vrijheid en het ver-
trouwen om je te ontplooien, om je weg te zoeken en te vinden. Er zijn mensen die
je adviezen willen geven, die met je mee willen denken. Mensen die je gewoon even
gelijk durven te geven (of juist niet) als je ergens over twijfelt. Mensen die je een hand
toesteken op het lab of bij een analyse; die je net even wat werk uit handen nemen.
Of die taxichauffeur speelden om in Munster of Mainz vissen op te gaan halen. En
dan nog de mensen die je er gewoon even “doorheen slepen”, die je laten lachen op
momenten dat het einde verder weg leek dan ooit, en je een duwtje in de rug geven.

Op deze plaats in het proefschrift wil ik al die mensen bedanken. Bedanken
voor het feit dat jullie, elk op jullie unieke manier, hebben bijgedragen aan dit eindre-
sultaat, een eindresultaat waar ik absoluut trots op ben. Ik kies ervoor om jullie te
bedanken door het noemen van jullie naam, omdat eenieder van jullie wel weet hoe
dankbaar ik ben voor de manier waarop een bijdrage is geleverd aan dit proefschrift.
Een proefschrift is soms net als een film, met goede afloop, dus ik kies voor het
format van de aftiteling van een film om jullie te bedanken. We zien elkaar vast wel
weer ergens, binnen of buiten de wetenschap, en ik wens jullie allemaal oprecht het
allerbeste.

Liefs,

Auke
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Auke Otten wordt op 3 juli 1986 geboren te Sittard. Van 1998 tot 2005 doorliep hij
zowel het Hoger Algemeen Voorbereidend Onderwijs (HAVO) als het Voorbereidend
Wetenschappelijk Onderwijs (VWO) aan het Romboutscollege te Brunssum. Door
zijn liefde voor de humane biologie start hij in 2005 met de bacheloropleiding Molec-
ulaire Levenswetenschappen aan de universiteit Maastricht. Na een afstudeerstage
bij de afdeling Toxicologie studeert hij in 2008 cum laude af. Vervolgens start hij met
de masteropleiding Cardiovascular Biology and Medicine, tevens aan de universiteit
Maastricht. Zijn afstudeerstage vindt plaats bij de subsectie Clinical Genomics van
de afdeling Genetica en Celbiologie. Hij onderzoekt de mogelijkheden van de ze-
bravis als model voor het bestuderen van mitochondriéle processen in ziekte en ge-
zondheid. Van het Prinses Beatrixfonds ontvangt hij hiervoor een scholarship (€2000)
voor een bezoek aan het laboratorium van Dr. Jan-Willem Taanman, University Col-
lege London, voor het leren van technieken voor celkleuringen, en het uitvoeren van
onderzoek in de zebravisfaciliteit van de Université de Liege. Hij behaalt in 2010 zijn
mastertitel. Vervolgens wordt hij aangesteld bij dezelfde groep op een AlO-project,
gefinancierd door GROW (School for Oncology and Developmental Biology), maar
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