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Abstract

The heteroplasmic mutation in the mitochondrial gene MT-TL1 encoding
tRNALeucine (UUR) at nucleotide position 3243 resulting in the arginine to guanine
transition (m.3243A>G) is the most common pathogenic mutation in the
mitochondrial genome. Originally associated with mitochondrial encephalomyopathy,
lactic acidosis, and stroke-like episodes syndrome, it has also been linked to a
number of other clinical phenotypes. It is common for patients harbouring the
mutation to develop a range of ocular abnormalities, including those affecting retinal
pigment epithelium (RPE) cells. The underlying mechanisms of RPE degeneration
remain unclear. Using fibroblasts derived from patients with retinal changes with the
m.3243A>G, | generated heteroplasmic human induced pluripotent stem cell (hiPSC)
clones harbouring the m.3243A>G mutation. RPE cells differentiated from patient
hiPSCs displayed typical cobblestone morphology and expressed mature RPE-
associated markers. The RPE cells retained their ability to form blood-retinal barrier
as assessed by measuring transepithelial resistance. However, cells with high levels
of the m.3243A>G showed reduced propensity for pigment formation. Additionally,
the RPE cells contained abnormal mitochondria and melanosomes, which is likely to
manifest as a reduced ability to absorb stray light. These findings have remarkable
similarities to the ones seen in RPE cells described in post mortem tissues of patients
with the m.3243A>G mutation. In addition, patient cells showed defects in
phagocytosis of photoreceptor outer segments, a functional defect associated with
other retinal diseases. Overall, the results provide an indication that RPE cells with
the m.3243A>G have reduced ability to perform at least two of their main functions:
absorption of stray light and phagocytosis, suggesting possible pathological
processes associated with ocular symptoms seen in patients. The ability to mimic
these manifestations in vitro would allow investigating pathological mechanisms
further and allow testing novel therapeutic agents aimed at alleviating or treating the

symptoms.
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Chapter 1. Introduction

The heteroplasmic mutation in the mitochondrial gene MT-TL1 at nucleotide position
3243 resulting in the arginine to guanine transition is the most common pathogenic
mutation in the mitochondrial genome. Visual impairment with atrophic maculopathy
akin to dry age-related macular degeneration (AMD) is observed in a high proportion
of patients with the mutation. To date, the pathological mechanism of retinal

abnormalities seen in this patient group remains unclear.

1.1 Overview of mitochondrial biology

1.1.1 Origin and features

The mitochondrion is a unique organelle that carries numerous essential cellular
functions. It is involved in a number of critical processes, including its role in
adenosine triphosphate (ATP) production through oxidative phosphorylation
(OXPHOQOS), iron metabolism, the citric acid cycle, apoptosis, fatty acid oxidation, and
amino acid biosynthesis (Sproule and Kaufmann, 2008). Research has shown that
mitochondria originated from a proteobacterial ancestor. One of the earliest articles
to suggest the endosymbiotic origin of mitochondria came out almost 100 years ago
(Wallin, 1926). It took over 70 years to experimentally illustrate protein sequence
similarities of mitochondria and the closest living relative of the original
proteobacterial species, confirming its origins (Andersson et al., 1998). Although, still
retaining certain features of its ancestors, such as a double membrane, a circular
genome and the ability to form dynamic networks, mitochondria have adapted to their
eukaryotic cellular host by transferring most of their genes to the nuclear genome
(Vafai and Mootha, 2012).

Mitochondria are highly heterogeneous organelles and they form dynamic
networks by undergoing fusion and fission which results in the exchange of matrix
proteins and mitochondrial DNA (mtDNA) (Nunnari et al., 1997; Legros et al., 2002).
One of the fascinating features of mitochondria is the plasticity of the morphology and
content. They can appear in different shapes from elongated tubules to spheres or
rods depending on the cell type and the environmental cues (Figure 1.1).
Additionally, mitochondria have defined subcellular distribution as they are
continuously transported along the cytoskeletal tracks depending on the cells
bioenergetic requirements (Hollenbeck and Saxton, 2005).
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Figure 1.1. Heterogeneity of mitochondrial morphology in different tissues [adapted
from Vafai and Mootha (2012)].

Structurally mitochondria are unusual since they have a double membrane. The inner
membrane contains numerous invaginations that form the cristae protruding into the
matrix, and the outer membrane separates the mitochondrion from the cytosol. The
inner membrane contains the enzyme complexes of the OXPHOS system (McBride
et al., 2006).

1.1.2 Oxidative phosphorylation
The respiratory chain complexes are composed of 92 protein components that are
encoded by both nuclear DNA and mtDNA (Figure 1.2).
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Figure 1.2. Schematic representation of the mitochondrial respiratory chain and the
main components of OXPHOS, including the number of proteins in different
complexes of the respiratory chain encoded by nuclear and mtDNA. Complexes I, Il and
[l are involved in proton (H*) transport from the matrix to the inter-membrane space
generating electrochemical gradient resulting in driving H* back into the matrix by Complex V
producing ATP [adapted from Sproule and Kaufmann (2008)]. NAD - nicotinamide adenine
dinucleotide; FAD - flavin adenine dinucleotide; SDH - succinate dehydrogenase; CoQ —
coenzyme Q, ubiquinone; Cyt - cytochrome; COX - cytochrome ¢ oxidase.

The respiratory chain drives OXPHOS through a number of redox reactions.
Donation of electrons to the respiratory chain drives protons through Complex I,
Complex Il and Complex IV, generating a proton motive force. Complex | and
Complex Il are involved in transferring electrons from NADH and FADH: to a mobile
electron carrier coenzyme Q. Complex Il passes on the electrons to cytochrome c.
Complex IV accepts the electrons and reduces oxygen to water. The resulting pH
gradient facilitates the production of ATP by Complex V (F1FO-ATPase) through the
movement of protons back to the mitochondrial matrix. Almost all of the redox
reactions within the cell are linked to the respiratory chain including the tricarboxylic
acid (TCA) cycle. One of the by-products of the metabolic reactions in the respiratory
chain, especially at Complex | and Complex lll, are reactive oxygen species (ROS)
which are potentially toxic to the cell. There is a dedicated control system which
involves superoxide dismutase and catalase, which regulate ROS levels (Vafai and
Mootha, 2012).



1.1.3 Mitochondrial genetics
Mitochondria are regulated by both the nuclear and mitochondrial genomes. mtDNA
in humans is a circular, double-stranded molecule approximately 16 569 base pairs
long (Anderson et al., 1981). Each strand is different in nucleotide composition. H-
strand (heavy strand) is guanine rich and L-strand (light strand) is cytosine-rich
(Chinnery and Hudson, 2013). mtDNA is different from nuclear DNA in a number of
respects. Firstly, it is exceptional in its economic organisation. Its genes do not
contain intronic regions and the coding region represents ~93% of the genome with
the only non-coding region located in the D-loop (displacement loop) which contains
the site of mtDNA replication initiation and transcription (Chinnery and Hudson,
2013). Additionally, the mitochondrial genetic code deviates from the standard code.
It contains only two stop codons comparing to three stop codons in the nuclear DNA
(Temperley et al., 2010). Despite the differences, mtDNA and nuclear DNA exist in
synergy.

mtDNA contains 37 genes, 13 of which encode for polypeptide components of
the OXPHOS system (components of Complex I, Complex Ill, Complex IV and
Complex V) and 24 encoding for RNA products, including 22 mitochondrial transfer
RNAs (tRNAs), a 16s ribosomal RNA (rRNA) and a 12s rRNA (Anderson et al.,
1981). A schematic of the human mtDNA is shown in Figure 1.3.
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Figure 1.3. Schematic representation of the human mtDNA [adapted from Ding et al.
(2013)].

One of the key features of mitochondrial genetics is the mode of inheritance of
MIDNA. It has been widely accepted that mtDNA nucleoids are inherited exclusively
through maternal lineage (Giles et al., 1980). One of the proposed theories suggests
that this is due to the ubiquitination of sperm mitochondria inside the male
reproductive tract or upon entering the oocyte. This leads to targeted proteolysis
resulting in the expression of only maternal mtDNA in the zygote (Sutovsky et al.,
1999). Thus far, only one case of paternal inheritance has been recorded (Schwartz
and Vissing, 2002). mtDNA in mature mammalian oocytes is estimated to have
approximately 100 000 copies containing between 1 and 2 copies per organelle.
During early embryogenesis, various combinations of mitochondria are segregated
between individual primordial cells and their number is reduced drastically to around
0.1% of the original population. This process characterises developmental
bottleneck, when only a small proportion of the original population of mitochondria
contributes to the offspring (Shoubridge and Wai, 2007).



1.1.4 mtDNA mutations

mtDNA does not have an efficient repair system and lacks protective histones.
Furthermore, it has a high rate of replication independent of the cell cycle and it
exists in the environment enriched with ROS. This therefore results in a high rate of
mutations in mMtDNA, especially when compared to nuclear DNA. Due to the polyploid
nature of the mitochondrial genome, this leads to co-existence of mutant and wild-
type mtDNA within a single organelle resulting in heterogeneous mutation levels in
different cells and tissues. The mixture of different mtDNA genotypes in the same cell
is referred to as heteroplasmy. When all of the copies of mtDNA are identical it is
referred to as homoplasmy (McFarland et al., 2002; Chinnery and Hudson, 2013).
Heteroplasmy is one the most clinically important features of segregation of
mitochondrial genome, as it is believed that pathogenic phenotypes arise as a result
of the heteroplasmy reaching a pathogenic threshold level (Prigione et al., 2011).
Due to the fact that the developmental bottleneck is a stochastic process, it is difficult
to predict how much mutant mtDNA will be passed on to the next generation. It
should be noted that mtDNA haplogroups arose from the accumulation of benign

mutations which became homoplasmic polymorphisms (McFarland et al., 2002).

More than 200 mtDNA disease-causing mutations have been reported since
the initial description of the first mtDNA mutations (Holt et al., 1988; Wallace et al.,
1988; Hamalainen et al., 2013). For the vast majority of cases, the diseases have
variable penetrance depending on the proportion of mutated mtDNA and their
stochastic segregation during development (Shoubridge and Wai, 2007).
Epidemiological studies estimate that ~1:8000 of general population has clinically
manifesting mtDNA disease and ~1:200 of healthy individuals harbours a potentially
pathogenic mtDNA mutation (Chinnery et al., 2000; Darin et al., 2001; Elliott et al.,
2008; Schaefer et al., 2008). The conditions resulting from the mutations manifest in
various forms including myopathies, neurodegeneration, multi-organ failure,
cardiomyopathies and retinopathies, with the age of onset varying between infancy
and adulthood and presenting with high clinical variability (Ylikallio and Suomalainen,
2012) (Figure 1.4).
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Figure 1.4. Schematic representation of the clinical spectrum of mitochondrial
disorders [adapted from Khondrion (2014)].

Most pathogenic mtDNA mutations are heteroplasmic and mitochondrial respiratory
chain activity becomes compromised when the level of the mutant species exceeds a
critical threshold, which is both mutation and tissue specific. A recent study found
that heteroplasmy level of 50% in any tissue was associated with the development of

various clinical abnormalities (Dvorakova et al., 2016).

1.1.5 Mitochondrial pathogenesis associated with m.3243A>G mutation

The heteroplasmic mutation in the mitochondrial gene MT-TL1 encoding
tRNALeucine (UUR) (tRNALeU(UUR)) at nucleotide position 3243 resulting in the
arginine (A) to guanine (G) transition (m.3243A>G) has been identified as the most
common pathogenic mutation in the mitochondrial genome (Moraes et al., 1993;
Majamaa et al., 1998). Originally associated with mitochondrial encephalomyopathy,

lactic acidosis, and stroke-like episodes (MELAS), it has also been linked to a



number of other clinical phenotypes including diabetes mellitus and chronic
progressive external ophthalmoplegia (CPEO) (Moraes et al., 1993; Kadowaki et al.,
1994; van den Ouweland et al., 1994). Although, over 30 mitochondrial mutations
have been found to be associated with MELAS, in over 80% of cases, it is caused by
the m.3243A>G point mutation (Hirano et al., 1992).

The molecular mechanisms underlying the pathogenesis of the m.3243A>G
are complex and not completely understood, although the prevailing theory suggests
that translation defects are a possible explanation. There are 22 species of
mitochondrial tRNA which are able to recognise 60 codons. The reduced number of
tRNAs required to decipher all the codons is achieved by post-transcriptional
modification of the anticodons (Suzuki, 2014). tRNAs are able to recognise codons
by having a modified first letter of the anticodon in the uridine position which leads to
recognition of all four bases and reduction in the total number of tRNAs that are
required (Barrell et al., 1980; Bonitz et al., 1980). Healthy mitochondrial tRNALeU(UUR)
has a 5-taurinomethyluridine (trm°U) post-transcriptional modification which is found
at the anticodon wobble position and results in stabilisation of wobble pairing,
specifically for decoding UUG (Suzuki and Nagao, 2011). Studies using cybrid cell
lines containing mutant mtDNA derived from patients harbouring the m.3243A>G
showed defects in mitochondrial protein synthesis attributed to wobble modification
deficiency leading to reduced translational ability of tRNAU(UUR) (Kirino et al., 2004).
Wobble modification deficiency is thought to be due to the inability of a tRNA-
modifying enzyme responsible for taurine modification to recognise the tRNA due to
tertiary structure changes resulting from the mutation (Kirino and Suzuki, 2005). The
effect of the m.3243A>G on tRNALU(UUR) js outlined in Figure 1.5. It has also been
suggested that there are possible additional mechanisms that also attribute to the
negative effect of the mutation, including defects in transcription termination and

decreased aminoacylation (Suzuki and Nagao, 2011).



Figure 1.5. Deficiency in tRNA(UUR) wobble modification in m.3243A>G resulting from
defects in taurine modification which in turn leads to altered UUG-rich gene
translation.

Autopsy studies in MELAS patients have shown that patients most commonly have
Complex | deficiency, however some studies show that combined deficiencies of
respiratory chain complexes are observed (Hamalainen et al., 2013). Complex |
deficiency could be linked to the deficiency in mitochondrial translation and wobble
modification deficiency in tRNA. Complex | contains 42.1% of the total leucine
codons encoded by ND6 genes, which are rich in UUG, and defects in tRNAe could

potentially lead to a reduction in Complex | activity (Kirino et al., 2004).

1.2 Clinical features of MELAS

Early clinical reports isolated a number of key features of MELAS. They included
normal early development with later presentation of encephalopathy with seizures,
stroke-like episodes, and evidence of mitochondrial dysfunction in the form of lactic
acidosis and / or ragged red fibres. Patients can also present with additional features
such as motor deficits, cortical blindness, dementia, exercise intolerance, migraine-
like headaches, hearing loss and a short statue (Pavlakis et al., 1984; Hirano et al.,
1992). According to one of the early case reports, patients can develop prominent

neurological features before 40 years of age and although the signs and symptoms



may appear at various ages, most commonly patients present with the early
symptoms between the ages of 2 and 20 years (Hirano et al., 1992; Lin et al., 2014).
According to a recent study of 50 patients, 58% have four or more symptoms
associated with MELAS and 12% are monosymptomatic (Dvorakova et al., 2016).
Sensorineural hearing loss and myopathy were the most common findings followed
by CPEO.

One of the most debilitating features of MELAS is the clinical manifestation of
stroke-like episodes. They are associated with transient neurological deficits and
progress over a longer period of time unlike an ischaemic stroke (Fryer et al., 2016).
They are believed to be caused by an impaired binding of cytochrome c to
mitochondrial respiratory chain proteins. In addition, excess extracellular potassium
and glutamate within the synaptic cleft may lead to neuronal cytotoxicity causing
epileptic seizures (Bhuvaneswar et al., 2008). One study suggested that being a
male was a risk factor for developing stroke-like episodes in patients with the
m.3243A>G (64.7% or 33 out of 51 patients) (Mancuso et al., 2014).

It is presumed that pathogenesis of MELAS is largely driven by a chronic state
of energy failure where the cell is unable to generate sufficient amount of ATP due to
the presence of dysfunctional mitochondria (Sproule and Kaufmann, 2008).
Histopathological studies of patient muscle biopsies show appearance of ragged red
fibres. This indicates that there is increased mitochondrial proliferation; a
compensatory mechanism in response to deficient protein synthesis resulting in the
increased overall cytochrome c oxidase activity. This could potentially be the driving
force of the pathogenesis of MELAS. Picard et al. (2014) recently investigated the
connection between the heteroplasmy levels of the m.3243A>G and the effect it has
on nuclear gene expression, with the view of providing explanation for variable
clinical phenotypes seen in patients that harbour the mutation. They created a series
of cell cybrids with various levels of mutated mtDNA. There were a number of
important findings that were described in this study. It was shown that there was a
direct correlation between the levels of the m.3243A>G and the amount of mtDNA
encoded proteins of the electron transport chain. In addition, presence of mutated
MtDNA resulted in alterations in the mitochondrial morphology resulting in their
elongated shape and ultra-structural changes affecting cristae. Interestingly, even
when the mutation level was as low as 20-30%, the ability of the cells to generate

enough energy was markedly reduced. The most important finding was that cells with
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50-90% m.3243A>G had similar transcriptional profile comparable to that seen in
some neurodegenerative diseases and was a result of altered retrograde signalling
between the mitochondria and the nucleus.

To date all the treatment for MELAS is symptomatic with no curative options.
Patients are often offered treatment in the form of coenzyme Q, vitamins C and E,

riboflavin and creatine (Sproule and Kaufmann, 2008).

1.2.1 Ophthalmological findings in mitochondrial diseases
There are several primary mtDNA mutations and nuclear mutations that affect

mitochondria that lead to ocular diseases, some of which are described below.

Optic neuropathies are a common manifestation in mitochondrial diseases. Leber’s
Hereditary Optic Neuropathy (LHON) is characterised by the degeneration of retinal
ganglion cells (RGC) which leads to central vision loss by the age of 50 in the
majority of patients. Prevalence of LHON has been estimated to be ~1:31,000 and
over 90% of patients harbour one of the three mutations in mtDNA affecting Complex
I: m.11778G>A, m.14484T>C, and m.3460G>A (Wallace et al., 1988; Huoponen et
al., 1991; Johns et al., 1992; Yu-Wai-Man et al., 2003). Most of the affected
individuals are males. The gender bias of LHON has been suggested to arise as a
result of nuclear genetic factors, such as visual loss susceptibility gene located on
the X-chromosome, which renders males to be more exposed to the mtDNA mutation
acting in synergy with the nuclear gene (Bu and Rotter, 1991). More studies are
required in order to identify the nuclear modifier genes that are specific to LHON (Yu-
Wai-Man et al., 2011a). Hormonal factors have also been shown to be associated
with male prevalence in LHON. One study used cell cybrids harbouring the three
MtDNA point mutations m.11778G>A, m.14484T>C, and m.3460G>A to investigate
metabolic basis for gender bias in LHON (Giordano et al., 2011). The authors
showed that the addition of 173-oestradiol to the cells reduced overproduction of
ROS, thereby increasing cell viability and mitochondrial function in the cells, which

supported the hypothesis of the protective effect of hormones in females.

Autosomal-dominant optic atrophy is another disorder that results in the loss of
RGCs and their axons. It has a prevalence of 1:35,000 in the North of England and
has a mean age of onset between 6 and 10 years of age (Yu-Wai-Man et al., 2010).
It has a less severe phenotype comparing to LHON, however most of patients have
worsening symptoms with age (Cohn et al., 2008; Yu-Wai-Man et al., 2011b). The
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majority of cases are caused by the mutation in the OPA1 gene, which results in the
reduced levels of OPA1 protein (Yu-Wai-Man et al., 2011b). OPAL1 is located in the
inner domain of the mitochondrial membrane and is involved in mitochondrial fusion.
The mutation in the gene leads to the impairment in mitochondrial fusion and a
coupling defect of OXPHOS (Chevrollier et al., 2008; Zanna et al., 2008).

CPEO is a mitochondrial myopathy which manifests as bilateral ptosis and reduced
eye movement (Richardson et al., 2005). Patients harbour large-scale mtDNA
deletions or multiple mtDNA point mutations secondary to nuclear DNA defect
resulting in cytochrome c oxidase (COX) deficiency in extraocular muscles (Greaves
et al., 2010). Kearns-Sayre syndrome is a systemic disorder associated with single
large-scale heteroplasmic deletions in mtDNA (Zeviani et al., 1988). Patients are
normally young at diagnosis and develop CPEO within a few years. In addition, this
disorder is characterised by other symptoms, including retinopathy, central nervous
system (CNS) deficits, ataxia and cardiac conduction abnormalities (Yamashita et al.,
2008).

Maternally inherited diabetes and deafness (MIDD) results from the m.3243A>G
mutation and patients present with diabetes and sensorineural hearing loss with a
maternal family history of the condition (van den Ouweland et al., 1992). Macular
pattern dystrophy has been shown to be present in 86% of MIDD patients with 8% of
patients presenting with diabetic retinopathy (Guillausseau et al., 2001). Both retinal
pigment epithelium (RPE) and choroid atrophy have been reported, with RPE atrophy
localising to the posterior pole (Murphy et al., 2008).

Examples of retinal changes in a patient with m.3243A>G, and a patient with the

same mutation and diagnosed with MELAS are shown in Figure 1.6 and Figure 1.7.
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Figure 1.6. Images of the eyes of the patient with m.3243A>G. (A, B) Colour fundus
photograph shows hyper-pigmented lesions in the area surrounding the macula and the optic
disc, suggesting depigmentation of the RPE; (C, D) Fundus autofluorescence shows
speckled appearance of the macula. [Adapted from Daruich et al. (2014)].

Figure 1.7. Images of the eyes of the patient with m.3243A>G diagnosed with MELAS.
(A, B) Fundus photographs show perifoveal atrophy and pale deposits; (C, D) Atrophic areas
show decreased autofluorescence, areas with deposits have increased autofluorescence.
There is speckled autofluorescence around atrophic areas. [Adapted from Daruich et al.

(2014)].
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AMD is a neurodegenerative disease of the elderly which affects the macula of the
eye. Its characteristic features include early presence of drusen with areas of
depigmentation and hyperpigmentation, followed by geographic atrophy or choroidal
neovascularisation as disease progresses (Barot et al., 2011). There is a theory that
suggests that AMD disease progression is related to oxidative stress which has
damaging effects on lipids, proteins, and DNA. One study investigated oxidative
stress response u