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Abstract

Leigh syndrome (LS) is a rare fatal mitochondrial disorder of infants caused by
pathogenic mutations in the nuclear (nDNA) or mitochondrial DNA (mtDNA) leading to
mitochondrial dysfunction. The extent to which pathogenic mtDNA variants regulate disease
severity in LS is not well understood. The heterogeneous nature of this disorder, based in part
by complex mitochondrial genetics, and the nuclear and mitochondrial cross-talk has made it
particularly challenging to investigate and develop therapies for treating LS . While the
prognosis is poor, several studies are underway to understand the pathophysiology of LS. This
dissertation provides a comprehensive structural and functional analysis of five patient fibroblast
cells modeling LS, harboring pathogenic mtDNA variants; in order to gain a better
understanding of disease severity and alleviate some of the mitochondrial dysfunction reported

in LS.

The influence of pathogenic mtDNA on mitochondrial structure and function in LS is
unknown. Therefore, in our first study, we conducted a comprehensive analysis and identified
five mitochondrial morphologies individuals, networks, branches, length of branches and size of
networks in single cells containing some of the most prevalent pathogenic mtDNA known to
cause LS. Results indicated LS cells predominantly contained individual mitochondria with short
branch lengths, characteristic of a fragmented state compared to a control line with long-

branched mitochondrial networks.

To better understand disease severity in patient fibroblast cells modeling LS, (T8993G,
T9185C, T10158C, T12706C) in MTATP6, MTND3, MTND5 genes affecting the function of
complex V or complex I. In this study, we estimated a high percentage (> 90%) of pathogenic
MtDNA (T8993G, T9185C ) in LS cells affecting complex V and a low percentage (< 39%) of
pathogenic mtDNA (T10158C, T12706C ) in LS cells affecting complex I. Levels of defective

enzyme activities of the electron transport chain correlated with the percentage of pathogenic



MtDNA. Subsequent bioenergetics assays showed cell lines relied on both mitochondrial
bioenergetics and glycolysis for meeting energy requirements. The CBHI ratio emerged as a
sensitive biomarker to ascertain disease severity in LS lines specifically harboring pathogenic
MtDNA variants. Higher CBHI values indicated milder forms of the disease and lower CBHI values
indicated severe form of the disease. Our results suggest that whereas the precise mechanism
of LS has not been elucidated, a multi-pronged approach taking into consideration the specific
pathogenic mtDNA variant, and composite BHI ratio, can aid in better understanding the factors

influencing disease severity in LS.

Finally, we explored the therapeutic effects of introducing citric acid cycle (TCA)
intermediate substrate, succinate, as a cell permeable prodrug-NV118, to alleviate some of the
mitochondrial dysfunction in LS. Results suggest that a 24-hour treatment with prodrug NV118
elicited an upregulation of glycolylysis and mitochondrial membrane potential (MMP) while
inhibiting intracellular reactive oxygen species (ROS) in LS cells. The results from this study
suggests an important role for TCA intermediates in the treatment of mitochondrial dysfunction
in LS. With advances in available research tools leading to a better understanding of the

mitochondria in health and disease, there is hope for novel treatment options in the future.
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Introduction

1.1. Rationale for study

Leigh syndrome, also known as subacute necrotizing encephalomyelopathy (NSE), is a
complex and incurable early-onset neurodegenerative disease (Ruhoy and Saneto, 2014). It
affects 1 in 40, 000 live births and disease onset varies, with the majority of cases developing
before the age of 2 (Gerards et al., 2016). Like most other mitochondrial diseases, LS is
clinically and genetically heterogeneous, resulting in a diverse phenotypic spectrum. Due in part
to mutant load, LS can present as NARP (Neuropathy, ataxia, and retinitis pigmentosa) at low
mutant loads between 50-60%; while phenotypically present as LS at higher mutant loads
>90%. In recent years, efforts have been made to compile clinical information from various multi
centers across Europe, Asia, the USA, and Australia (Sofou et al., 2014;Sofou et al.,
2018;Ganetzky et al., 2019;Hayhurst et al., 2019;Hong et al., 2020;0gawa et al., 2020;Stendel
et al., 2020). These have allowed for metadata analysis and systemic retrospective studies to
find unifying symptoms for LS. These studies have suggested that certain clinical symptoms
such as ataxia, hypotonia, developmental delay, and seizures are common among patients with

the same mutations (Sofou et al., 2018).

To this end, we performed a comparative analysis of the structural and functional defects in
patient fibroblasts carrying some of the most prevalent mitochondrial mutations involved in
Leigh syndrome. This allowed for the investigation of the molecular mechanisms underlying the
various pathologies associated with LS in variants containing four different pathological mtDNA
mutations. The first three-point mutations were (SBG1& SBG2: T8993G, SBG3: T9185C) in the
MTATP6 gene known to impact complex V or ATP synthase function (Bakare et al., 2021). The
other two point mutations were (SBG4-FB: T10158C) in the MTND3 gene, and (SBG5-FB:

T12706C) in the MTND5 gene presumed to impact complex | function (Bakare et al., 2021).



We hypothesized that patient cells with a high percentage of pathogenic mtDNA mutations
would generate abnormal mitochondrial morphologies, disrupt electron transfer, reduce proton

translocation, and have defects in membrane potential and bioenergetics.

Our long-term goal is to better understand the complex relationship between the pathogenic
genotypes and their morphological, biochemical, and clinical phenotypes in mitochondrial
diseases affecting young children. Understanding this relationship will allow for targeted
therapies that might be effective in treating LS and other related metabolic disorders. The
current thinking is that Mitochondrial disorders share some traits that are mutation-specific and
biomarkers can be developed to identify these traits. Identifying these biomarkers can help with

developing better diagnostic and therapeutic tools for LS.

The experiments outlined under the three different specific aims below will enable us to test

the hypothesis outlined above.

1.1.1. Specific aim 1 — To characterize the mitochondrial structure and function in five

patient-derived fibroblast cells modeling LS

To address this aim, the mitochondrial network analysis (MiNA) tool (Valente et al., 2009),
will be used to analyze the mitochondrial morphologies of fluorescently labeled human fibroblast
cell lines. Analysis will be performed on one healthy control BJ fibroblast and five diseased
fibroblast cell lines. The patient-derived fibroblast cells modeling LS, harbor point mutations in
the MTATP6 gene (T8993G, T9185C) and MTND3 gene (T10158C), and MTND5 gene
(T12706C) impacting complex V or ATP synthase function and complex | function. The rationale
behind using these cell lines is because these are some of the most prevalent pathogenic
mtDNA mutations that have been reported to be involved in LS to date (Taylor et al.,
2002;Piekutowska-Abramczuk et al., 2018;Wei et al., 2018;Yu et al., 2018;Stendel et al., 2020).

The mitochondrial uncoupler, FCCP will be used to analyze mitochondrial dynamics in the LS



patient fibroblast cells and control BJ-FB cells under basal conditions and when stressed with
FCCP. Finally, mitochondrial membrane potential (MMP) will be investigated to understand how

changes in mitochondrial morphologies affect mitochondrial membrane potential.

1.1.2. Specific aim 2 — To identify a sensitive biomarker for determining disease severity

in five patient-derived fibroblast cells modeling LS

Specific aim 2 will determine how the five patient cells modeling LS and harboring
pathogenic mtDNA (T8993G, T9185C, T10158C, and T12706C) along with control BJ cell line
affect various mitochondrial functions. This would aid in identifying mutant DNA heteroplasmy
levels, enzyme activities of individual subunits, mitochondrial respiration, reactive oxygen
species assay, and glycolysis to further understand the underlying mechanisms behind the
severity and clinical heterogeneity reported in LS patients. Furthermore, comparing the
functional analysis with the reported clinical symptoms will allow us to identify a sensitive
biomarker that can assess overall mitochondrial dysfunction, which can be used to make

predictions of disease severity in LS.

1.1.3. Specific aim 3 —To test the efficacy of cell membrane permeable complex I
substrate, succinate as a potential therapeutic drug in four patient-derived fibroblast

cells modeling LS

There is currently no known cure for LS. Therefore, in this aim, we will treat four fibroblast
cells modeling LS harboring (T8993G, T10158C, T12706C) pathogenic mtDNA and one control
BJ-FB cell line with a cell membrane permeable complex Il substrate, succinate (NV118) in the
short term. Optimization studies will be performed on the control BJ-FB cell line to determine
the appropriate NV118 concentration that is non- toxic to the cells. Biochemical assays to test

mitochondrial respiration, membrane potential, and glycolysis will be carried out in the diseased



and healthy cell lines. Furthermore, cellular ROS will be assessed in the diseased and control

cell lines after treatment with a pre-determined concentration of NV118.

Overall, the outcomes from this study are important steps towards understanding disease
origins and support the beneficial use of a TCA cycle intermediate substrate- succinate prodrug
(NV118), in the development of a therapeutic application for LS and mitochondrial diseases in

the near future.Introduction.
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Chapter 1

2. Leigh Syndrome: A tale of two genomes

Bakare, A.B., Lesnefsky, E.J., lyer, S.

2.1. Abstract

Leigh syndrome is a rare, complex, and incurable early-onset (typically infant or early
childhood) mitochondrial disorder with both phenotypic and genetic heterogeneity. The
heterogeneous nature of this disorder, based in part on the complexity of mitochondrial
genetics, and the significant interactions between the nuclear and mitochondrial genomes has
made it particularly challenging to research and develop therapies. This review article discusses
some of the advances that have been made in the field to date. While the prognosis is poor with
no current substantial treatment options, multiple studies are underway to understand the
etiology, pathogenesis, and pathophysiology of Leigh syndrome. With advances in available
research tools leading to a better understanding of the mitochondria in health and disease, there

is hope for novel treatment options in the future.

2.2. Introduction

Leigh syndrome (LS), was first described in 1951 by Denis Archibald Leigh as Subacute
Necrotising Encephalomyelopathy (NSE) and is a complex and incurable early-onset
neurodegenerative disease (Leigh, 1951). According to the definition used by the Online
Mendelian Inheritance in Man Database (OMIM 256000), LS has been defined by these cardinal
characteristics: “a neurodegenerative disease with variable symptoms due to mitochondrial
dysfunction (caused by hereditary genetic defect) accompanied by bilateral Central Nervous
System (CNS) lesions that can be associated with further abnormalities in diagnostic imaging.”

Decades of research after the initial description by Denis Leigh have led to the association of LS



with defect(s) in one or several of the electron transport chain (ETC) complexes of the
mitochondria. Clinical symptoms include neurodevelopmental deterioration, which is often
accompanied by brainstem dysfunction such as abnormalities in tone, power, reflexes, ataxia,
dysphagia, and seizures (Nesbitt et al., 2012). While the clinical presentations might differ
between individuals, LS symptoms largely represent the areas in the brain (brainstem,
cerebellum, basal ganglia, oculomotor and cranial nerves) involved in its pathology (Ruhoy and

Saneto, 2014).

Like most other mitochondrial diseases, LS is clinically and genetically heterogeneous,
resulting in a diverse phenotypic spectrum. Due in part to mutant load, LS can present as NARP
(Neuropathy, ataxia, and retinitis pigmentosa) at low mutant loads between 50-60%; while
phenotypically present as LS at higher mutant loads >90%. The heterogeneous nature of LS
can also be attributed in part to the complex nature of the mitochondrial ETC, which is
composed of subunits that are encoded by both nuclear (nDNA) and mitochondrial DNA
(mtDNA) (Nesbitt et al., 2012;Zinovkin et al., 2016;Bailey and Doherty, 2017;Manickam et al.,
2017) with mutations in either genomes coding for different ETC subunits resulting in LS.
Furthermore, since the mitochondria do not follow the Mendelian inheritance pattern, healthy
and diseased mtDNA could co-exist within a cell (Taylor et al., 2001b). This phenomenon,
termed heteroplasmy, also contributes to the complexity and diverse phenotypic spectrum
characteristic of LS. In some cases, it is believed that a certain heteroplasmic threshold must be

attained for the expression of the diseased phenotype.

Here, we review the current knowledge of LS, describing how mutations in various ETC
subunits encoded by either nDNA or mtDNA contribute to disease pathogenesis. Emphasis will
be placed on the most common mutations that have been reported to result in deficiencies of
each of the complexes that comprise the OXPHOS system. This review will also discuss some

of the disease models that are currently being used to study LS, the challenges associated with



these models, and the potential for induced pluripotent stem cells (iPSC) technologies
contributing to novel models for understanding the pathophysiology of LS. Finally, current and

potential treatment options for LS will also be discussed.

2.3. Background of mitochondrial biology and Leigh syndrome

2.3.1. Historical and current perspective of Leigh syndrome

Studies have largely implicated dysfunction in mitochondrial energy metabolism as a
frequent cause of LS (Lake et al., 2016). Mitochondria are key organelles that are critical to
normal cell and organ function and serve an essential role in maintaining metabolic homeostasis
through the production of energy in the form of Adenosine Triphosphate (ATP) (Graeber and
Muller, 1998;Shaughnessy et al., 2014;Zinovkin et al., 2016). Mitochondria also serve as the
hub for various cellular activities such as lipid metabolism, the citric acid cycle, and oxidative
phosphorylation (OXPHOS) (Graeber and Muller, 1998). Mitochondria produce ATP via the
OXPHOS pathway; a process that takes place at the inner mitochondrial membrane and
involves the channeling of electrons through four ETC complexes. The electron transport results
in subsequent translocation of protons from the matrix into the intermembrane space; with the
combination of the proton gradient and the inward-negative mitochondrial membrane potential
driving the molecular motor, ATP synthase (complex V), to produce ATP. An impairment in the
ETC or its assembly complexes (Supplementary Table 7.3.1.) results in metabolic disorders
like LS. The ETC, as the name suggests is a vast complex comprising of approximately 90
different subunits which make up the four enzyme complexes and complex V of OXPHOS, with
the mtDNA encoding 13 subunits and the rest encoded by nuclear DNA (nDNA) (Larsson and
Clayton, 1995;Koopman et al., 2013). Together, the nDNA and mtDNA coordinate the synthesis

of subunits that come together to form the individual complexes that comprise the ETC,



subsequently allowing the mitochondria to function as the core energy producer for cellular

needs.

The human mitochondrial DNA is a 16.6kb pair, double-stranded circular genome containing
37 genes. These genes encode for: 13 subunits (Figure 2.2.2.) of the ETC and 24 genes
involved in mtDNA translation (2 ribosomal RNAs (rRNAs) and 22 transfer RNAs (tRNAS))
(Larsson and Clayton, 1995;Graeber and Muller, 1998;Wallace, 1999;Taylor et al.,
2001b;DiMauro and Schon, 2003;Koopman et al., 2013). The remainder of the mitochondrial
ETC and associated assembly factor proteins, replication, transcription, translation, and
regulatory proteins are encoded by the nDNA (see Table 2.3.2.) (Wallace, 1999;lyer et al.,
2009a). It is widely accepted that all mitochondrial organelles originated from an early
endosymbiont event involving an a-protobacterium and a nucleus containing host cell (Gray et
al., 1999;DiMauro and Schon, 2003;van Esveld and Huynen, 2018). During evolution, this early
endosymbiotic relationship became so intertwined that these organisms became very
dependent on one another thus requiring the streamlining of the genome of the protobacterium
to create a more efficient organelle (Wallace, 1999;van Esveld and Huynen, 2018). The modern
human mitochondria is a product of this evolutionary event; with the loss of some of the early
protobacterium genes and insertion of other genes into the host’s genome (van Esveld and
Huynen, 2018). As a result, the ETC is under the control of two genomes. Therefore,
mitochondrial genetics is governed by inheritance patterns, which are slightly different from

Mendelian genetics.

During the electron transfer to molecular oxygen, reactive oxygen species (ROS) are
generated by leakage of electrons in complex | and Il causing oxidative stress to cells (Mitchell,
1961;Murphy, 2009;Nicholls and Ferguson, 2013). ETC defects occurring from mtDNA or nDNA
mutations compromise membrane potential and ATP synthesis, and interruption of this pathway

renders cells and tissues vulnerable under disease and oxidative stress conditions (lyer et al.,
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2012;Jain et al., 2016). Consequently, an error in either nDNA or mtDNA encoding for proteins
that make up any of the subunits could result in disorder(s) of the ETC and the mitochondria.
Advances in next-generation and whole-exome sequencing continue to reveal novel nDNA
mutations involved in LS; with subsequent inheritance in an autosomal recessive or X-linked
inheritance (vs. maternal) pattern. Owing to its ubiquitous role, the mitochondria are present in
all human cells (except RBC), and their distribution and copy number vary from cell to cell. ETC
defects impairing OXPHOS result in major pathological problems for energy-demanding cells
and tissues such as those of the heart, brain, and muscles (Ruhoy and Saneto, 2014;Maglioni
et al., 2020). Not surprisingly, many of the symptoms associated with LS and similar metabolic
disorders affect the neuromuscular or cardiovascular systems (Leigh, 1951;Ruhoy and Saneto,
2014;Veerapandiyan et al., 2016). While it is widely accepted that both the nDNA and mtDNA
contribute to the normal function of the mitochondrial ETC, the mechanism underlying cross-talk
and communication between these genomes in the diseased state remains under investigation.
While this review focuses largely on mitochondrial dysfunction resulting from pathogenic
mutations affecting ETC enzymes, mutations resulting in defective mitochondrial translation
machinery (Sweeney et al., 1994;Sue et al., 1999;Antonicka et al., 2003;Tucker et al., 2011;Cox
et al., 2012;Ghezzi et al., 2012;Kopaijtich et al., 2014;Suzuki and Suzuki, 2014;Tischner et al.,
2015), non-ETC enzymes such as pyruvate dehydrogenase (Matthews et al., 1993;Finsterer,
2008;Patel et al., 2012), or cofactors (Gerards et al., 2013;Banka et al., 2014;Smith et al., 2018)

can affect OXPHOS and also result in mitochondrial dysfunctions.

2.3.2. Mitochondrial genetics and heteroplasmy

Unlike Mendelian genetics, mtDNA inheritance follows some unique inheritance patterns.
Maternal inheritance, heteroplasmy, and mitotic segregation are some of the traits that separate
mitochondrial genetics from those of Mendelian genetics (Wallace, 1999;DiMauro and Schon,

2003). During normal human development, only the mtDNA from the mother is inherited by the
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offspring (Wallace, 1999). Although there have been rare reports of mtDNA inheritance from the
father, this is usually not the case; as mtDNA from the sperm are usually degraded through an
unknown mechanism during fertilization (Sutovsky et al., 1999;Schwartz and Vissing, 2002).
Therefore, a mother with mutant mtDNA will always pass this to her children and the daughter of
this mother will pass this along to her offspring as well. This inheritance pattern termed maternal
inheritance is largely involved in cases of maternally inherited mitochondrial disorders such as

MILS (Maternally Inherited Leigh Syndrome).

Within a cell, there are hundreds of mitochondria, with each mitochondrion having multiple
copies of mtDNA, and a cell comprising of thousands of copies of mtDNA (Wallace,
1999;DiMauro and Schon, 2003;Tachibana et al., 2009). In the first steps of human
development, the mitochondria inherited by an individual are derived exclusively from the oocyte
during fertilization. In healthy offspring, the inherited mitochondria will contain copies of the
same wild-type mtDNA, referred to as homoplasmy. However, owing to its proximity to sites of
reactive oxygen species (ROS) production in the mitochondrial matrix, and an error-prone
polymerase, mtDNA has a very high mutation rate (Richter et al., 1988;Wallace,
1999;Shaughnessy et al., 2014). Initially, when a mutation occurs, cells will contain a mixture of
wild-type and mutant mtDNA, a phenomenon referred to as heteroplasmy. Heteroplasmy can
occur at both cellular (and tissue) and organelle levels, just as a cell can harbor mitochondria
with wild-type and mutant mtDNA, this process can occur within a mitochondrion as well. Since
mtDNA division does not coincide with nDNA division (Larsson and Clayton, 1995); a division of
heteroplasmic cells that occurs by a process known as replicative/mitotic segregation, could
invariably shift the mtDNA genotype of the daughter cells to those of the mutant or wild-type
mtDNA, over many generations (Wallace, 1999). Therefore, heteroplasmy in combination with
replicative segregation can shift the phenotype of a healthy cell to a diseased state. For a

mutation to be pathogenic, however, the percentage of mutant mtDNA must exceed a threshold
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such that oxidative metabolism is affected. If the percentage of mutant mtDNA continues to
increase, this will consequently result in a gradual and continuous decrease in energy
production until a bioenergetic threshold is reached (Wallace, 1999). Above this threshold,
cellular needs cannot be met, invariably, resulting in disease phenotype which is usually
characteristic of metabolic disorders such as LS. This phenomenon referred to as the threshold
effect is responsible for the clinical signs and heterogeneity in disease penetrance observed in
mitochondrial disorders. Tissues that are metabolically active and highly dependent on oxidative
phosphorylation -such as the brain, heart, skeletal muscles, retina- tend to have a lower
threshold; and are therefore more vulnerable and less tolerant to the pathogenic effects of

mtDNA mutations (DiMauro and Schon, 2003).

The variation in copy number and stochastic nature of mitochondrial genetics results in a
variable inheritance and expression pattern of heteroplasmic mutations; and largely contributes
to the variability and spectrum of disease phenotype associated with LS. The genotype-
phenotype relationship in LS patients is difficult to ascertain because different heteroplasmic
loads exhibit different phenotypes. For example, T8993G (T8993C) mutation; a mutation that
affects mt-DNA encoded ATP synthase 6 (ATPase 6) gene, when present in low abundance
only results in NARP (neurogenic muscle weakness, ataxia, and retinitis pigmentosa), while a
high abundance of the same mutation results in MILS (Maternally Inherited Leigh’s Syndrome)
with rapid lethalities (lyer et al., 2012). Furthermore, there have been reports of mutations in
OXPHOS genes encoded by nDNA presenting with similar phenotypes to those of mtDNA

mutations; and cases of different genetic mutations resulting in the same diseased phenotype.
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Table 2.3.2. The electron transport chain complexes (ETC) with subunits encoded by
mitochondrial (mtDNA) and nuclear DNA (nDNA). Also included are the numbers of
assembly subunits encoded by nDNA. Common mutations associated with each complex that
causes Leigh’s syndrome (LS) are highlighted.

Complexes Structural | Assembly | Most common | Affected Proposed reason for
Genes Factors LS Mutations Subunits dysfunction
(mtDNA/
nDNA)
Complex | 7/37 11 T10158C MTND3 Mutations affect the transition
(NADH:Ubuiquinone (Ser34Pro), of the active/deactivate state
oxidoreductase) T10191C of the enzyme
(Ser45Pro),
G10197A
(Alad7Thr)
G13513A MTND5 Disruption of proton
(Asp393Gly), translocation through this
T12706C channel
(Phel24Leu)
Complex I 0/4 2 G1664A SDHA* This mutation affects an
(Succinate- (Gly555Glu) assembly factor, resulting in
coenzyme Q the production of an unstable
reductase) enzyme
Complex Il 1/10 2 c208T UQCRB Mutation affect gene involved
(Ubiquinol (Ser45Phe; (subunit in oxygen sensing and enzyme
cytochrome C UQCRB) VII** maintenance
reductase)
C14792G MTCYB Potentially affect enzyme’s
(His16Asp) activity
Complex IV 3/11 18 SURF1**, COX These are factors involved in
(Cytochrome c LRPPRC**, assembly the assembly and biogenesis
oxidase) PET100** and of COX subunits. These
biogenesis | mutations would invariably
factors affect the production and
stabilization of the complex
Complex V (ATP 2/17 4 T78993G MTATP6 Mutations are located close to
synthase) (Leu156Arg), the C-ring (fo catalytic site).
T8993C The T>G mutation is more
(Leu156Pro) severe than the T>C mutation.
Most studies have concluded
that these mutations result in
less efficient coupling/defects
in assembly and stability of the
MTATP6 subunit. Some studies
have also suggested block in
proton translocation
T79185C MTATP6 Mutation compromises the
(Leu220Pro) function of ATP synthase
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Figure 2.3.2. The mitochondrial electron transport chain. The subunits of the respiratory
chain are encoded by nDNA and mtDNA. Mitochondria produce ATP via the OXPHOS pathway;
a process that takes place at the inner mitochondrial membrane and involves the channeling of
electrons through four-electron transport chain (ETC) complexes (Complex I-1V). The electron
transport results in subsequent translocation of protons from the matrix into the intermembrane
space, this proton gradient in combination with the inward-negative mitochondrial membrane
potential drives the molecular motor, ATP synthase (complex V), to produce ATP. An
impairment in the ETC or its assembly complexes results in metabolic malfunction in cells and
tissues. The ETC is a vast complex comprising ~90 different subunits which make up the five
enzyme complexes of OXPHOS. Of these subunits, mtDNA encodes 13 subunits while the
nuclear DNA (nDNA) encodes ~77 subunits. Together, the nDNA and mtDNA coordinate the
synthesis of subunits that come together to form the individual complexes that compose the
ETC, subsequently allowing the mitochondria to function as the core energy producer for
cellular needs. Specific genes encoded by nDNA and mtDNA in the context of LS are listed.

2.3.3. What is Leigh syndrome?

Mitochondrial (mt) disorders represent a large group of severe genetic disorders mainly
impacting organ systems with high energy requirements (McFarland et al., 2010;Maglioni et al.,

2020). These disorders are clinically complex, often fatal, and occur at an estimated ratio of 1 in
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5,000 to 10,000 live births (Skladal et al., 2003;Schaefer et al., 2004). Leigh syndrome (LS) is a
classic example of mitochondrial disorder resulting from pathogenic mutations that disrupt
OXPHOS capacities. Although first described in 1951, it was not until 1968 when Hommes and
colleagues described a case of a one-year-old patient that LS first became associated with
defects in mitochondrial energy metabolism (Hommes et al., 1968). By 1983, multiple reports
resulted in the first description of LS as a mitochondrial disease (Willems et al., 1977;van Erven
et al., 1987;Hammans et al., 1991). During the early years after its initial description, its
resemblance to Wernicke’s encephalopathy (WE) led many to believe that LS resulted from an
error in thiamine metabolism (Worsley et al., 1965;Baertling et al., 2014;Leigh et al., 2015).
Many years after its first description, it was noted that some patients with LS presented with
deficiencies in either the pyruvate decarboxylase (Evans, 1981) or pyruvate dehydrogenase
complex (PDHc) (DeVivo et al., 1979). These variations in disease phenotype allude to the

heterogeneous nature of LS.

During its initial description, the characterization of pathological hallmarks of LS was
diagnosed postmortem by histopathological observations. However, advances in sequencing,
biochemical, and imaging technologies have resulted in better antemortem diagnoses.
Furthermore, in the last 15 years, these technologies have resulted in the identification of novel
pathogenic mutations in LS patients, with more than 75 genes identified as monogenic causes
of LS (Lake et al., 2016). Based on genetic analysis, LS can be inherited in any of these three
patterns: maternal inheritance, autosomal recessive manner, and in very rare cases through X-
linked transmission, as well as via de novo mutation and, evidence suggests, through complex

heterozygosity. (Ruhoy and Saneto, 2014;Leigh et al., 2015;Lake et al., 2016).
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2.3.4. Clinical presentations and diagnostic approaches for Leigh syndrome

As highlighted above LS is highly heterogenous, owing to many of the factors discussed
previously. There is a continuous effort both in the clinical and scientific research fields to
reconcile the relationship between the genetic and phenotypic presentations reported in patients
with LS (Figure 2.3.4.). Various case reports have described some of the clinical symptoms of
LS, however, because of how rare this disorder is, the small sample sizes in these reports
restrict analytical studies (Uittenbogaard et al., 2018;Wei et al., 2018;Yu et al., 2018;Edwards et
al., 2020). This makes its challenging to fully identify the most predominant symptoms in
patients with LS. In recent years, however, efforts have been made to compile clinical
information from various multi centers across Europe, Asia, the USA, and Australia (Sofou et al.,
2014;Sofou et al., 2018;Ganetzky et al., 2019;Hayhurst et al., 2019;Hong et al., 2020;0gawa et
al., 2020;Stendel et al., 2020). These have allowed for metadata analysis and systemic

retrospective studies to find unifying symptoms for LS.

Although LS shows clinical heterogeneity, the most prevalent symptoms that have been
reported correlate with the involvement of brain regions such as the basal ganglia, brainstem,
thalamus, and cerebellum (Yu et al., 2018;Chang et al., 2020). These regions of the brain
control body movement, balance, and basic life functions like breathing, swallowing, and blood
circulation (Chang et al., 2020). In most patients with LS, pathological lesions in one or more of
these areas of the brain have been found in MRI (Magnetic Resonance Imaging) reports,
contributing to observed clinical manifestations of LS (Baertling et al., 2014). It is worth noting
that, while pathological lesions in basal ganglia and brainstem are considered the hallmarks of
LS, there have been reports of cases where basal ganglia (Sonam et al., 2014) or brainstem
lesions (Hayhurst et al., 2019) were not detected in patients with LS (Stendel et al., 2020).
However, other neuropathological signs such as delayed myelination, cerebral atrophy, and

cerebellar lesions were reported in these cases (Sonam et al., 2014;Chourasia et al.,
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2017;Stendel et al., 2020). These findings suggest that LS can present primarily with
pathological lesions in other regions of the brain and can predate other neuroimaging features
that are considered hallmarks of LS. While these findings demonstrate the need to consider
expanding the diagnostic criteria for LS on neuroimaging findings, they also highlight one of the
limitations of neurocimaging as a diagnostic tool for LS. Neuroimaging findings need to be
combined with other diagnostic tools such as biochemical, histopathological, and sequencing

information to properly diagnose LS.

To date, the most common clinical features associated with LS are (see Figure 2.3.4. for
more details): ataxia, hypotonia, developmental delay, seizures, poor feeding/feeding
difficulties associated with dysphagia, failure to thrive, persistent vomiting, elevated serum or
cerebrospinal fluid lactate levels, and abnormal ocular disturbances (Gerards et al., 2016;Lee et
al., 2019b;Chang et al., 2020;Hong et al., 2020;0gawa et al., 2020;Stendel et al., 2020). Aside
from the neuromuscular and ocular abnormalities, abnormalities in other organ systems have
also been reported in some cases (Figure 2.3.4.). During the course of the disease, some
patients present with gastrointestinal and cardiac problems (Gerards et al., 2016;Sofou et al.,
2018). In addition, respiratory distress has been reported to be a common clinical feature in
patients with early-onset LS- before the age of 2 (Yu et al., 2018). Recent reports have
suggested that certain clinical features are more common in early-onset cases than in late-onset
cases of LS. In a study performed in Korea to distinguish clinical features of early and late-onset
LS, they found that delayed developmental development was significantly higher in the early-
onset (before 2years old) compared to the late-onset (after 2years old) groups. While motor
weakness and ataxia were predominant in the late-onset group relative to the early-onset LS
patients (Yu et al., 2018;Hong et al., 2020). Further, the onset of disease could also dictate what
type of seizures patients present with (focal or generalized seizures) (Wei et al., 2018). The

presence of pathological signs at birth and history of epileptic seizures have been strongly
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associated with poor prognosis (Sofou et al., 2014;Hong et al., 2020). Because LS induces
alteration in mitochondrial activities, many biochemical findings focus on lactic acid levels in
serum and cerebrospinal fluid (CSF). However, conflicting reports on lactate levels have been
reported, there are some reports of high serum and CSF lactate in LS patients (Sofou et al.,
2014;Uittenbogaard et al., 2018;Edwards et al., 2020). While serum and CSF lactate levels are
normal in some other patients (Gerards et al., 2016). New evidence suggests that elevated
lactate levels could also be associated with disease onset. Elevated lactate in CSF was more
common and significantly correlated to a more severe disease course and associated with
patients with early-onset (before 6-months) (Sofou et al., 2014;Yu et al., 2018). Therefore,
instead of using lactate levels as a diagnosis for LS as previously suggested (Rahman et al.,

1996), it could serve as a prognosis to determine the severity of the disease in patients.

Histopathological findings with muscle biopsies have been another source of controversy
in defining clinical features of LS. While positive muscle biopsy findings such as COX, SDH
deficiency (Sonam et al., 2014), ragged red fibers (RRF), and atrophy of muscle fibers (Sofou et
al., 2014) have been used as a diagnosis for LS, nonspecific myopathic changes and negative
findings have also been reported in patients with LS (Wei et al., 2018). Furthermore, findings
such as RRF are associated with another mitochondria disorder, myoclonic epilepsy with
ragged red fibers (MERRF). Finally, biochemical findings highlighting deficiencies in respiratory
chain complexes, while important in LS diagnosis have also been inconsistent (Ganetzky et al.,
2019;0gawa et al., 2020). As stated earlier, these observations highlight the need to combine

findings from various diagnostic tools including genetic findings for proper diagnosis of LS.

Although the clinical presentations of LS are heterogenous, the collaborative efforts resulting
in the collation of clinical data from various sources and the resulting extensive meta-data
analysis have provided us valuable information on the most common clinical features

associated with LS (Figure 2.3.4.). Most importantly, we are beginning to understand the
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mutations most involved in specific clinical features and the association between these features
and patient survival. For example, in one study, patients with NDUF mutations had a prevalence
of early cerebral cortex abnormalities, high occurrence of cardiac and ocular manifestations
relative to other LS patients. In the same study, patients with the mtDNA mutation T8993G had
more severe clinical and radiological manifestations and poorer disease outcomes compared to
those with the T8993C variant (Sofou et al., 2018). Another study showed that SURF1
deficiency has a more favorable survival outcome (Wedatilake et al., 2013;Sofou et al., 2014).
These suggest that certain clinical manifestations and phenotypes might be shared among LS
patients with similar mutations and that some mutations have milder disease progression. A
better understanding of the genotype and phenotype relationship involved in LS could help with
better diagnosis and early treatment of the disease, subsequently resulting in prolonging the
lives of patients with LS. As highlighted above, there have been discrepancies in some of the
neuroimaging, histopathological, and biochemical findings reported for patients. Some of these
differences could potentially result from variability associated with the stage of the disease. As
mentioned, some clinical presentations are more prevalent in early-onset compared to late-
onset LS patients vice versa. Therefore, the discrepancies recorded could be associated with
the progression of the disease. Future longitudinal studies exploring changes in clinical
presentation in various cohorts of LS patients could prove invaluable in solving this problem.
Since LS is rare, and most patients with the disorder have to be under close supervision, it is
difficult to have a controlled study with very large population size. Furthermore, because there
are no standardized ways of diagnosing the disorder, the same tests are not performed for
every patient, this further confounds our ability to make connections between the clinical
presentations and genetic mutations. However, the current approach by the multi-centers will
continue to add to our understanding of the disorder. It will be beneficial to understand the
effects that different mitochondrial haplotypes have on clinical presentations as well. For

instance, it has been reported that environmental factors and polymorphism in mtDNA
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haplogroups J1c and J2c are associated with increased penetrance of LHON (Leber’s

hereditary optic neuropathy) (Carelli et al., 2006).

Other clinical features
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Figure 2.3.4. Clinical features of Leigh syndrome. Figure showing the various clinical
features associated with LS. The most prevalent clinical features affect the brain, muscles, and
eyes. Other clinical findings include dysfunctions in cardiovascular, gastrointestinal, renal,
auditory, and hematological systems. LS can present as early-onset or late-onset with
abnormalities in at least three of the organ systems highlighted. LS results from pathogenic
mutations in either the nDNA or mtDNA that causes abnormalities in the OXPHOS capacities of
the mitochondria. Hence, biochemical findings reflect these defects.

2.4. Factors influencing Leigh syndrome

As previously described, LS results from mutations that cause perturbation to the ETC.
Once the ETC becomes overburdened and dysfunction in oxidative processes in the
mitochondria persist, various pathogenic processes are initiated (Figure 2.3.4.). As a hub for
oxygen and electron-rich compounds, perturbation to the flow of electrons and protons could
invariably result in reactive oxygen species and superoxide formation. Consequently, leading to
the initiation of stress and inflammatory responses, chronic forms of these responses could

result in cell death, culminating in the development of the symptoms associated with LS. In this
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section, we introduce the ETC and how defects in any of these complexes contribute to LS
pathology. We focus largely on the ETC defects resulting from mtDNA mutations that have been
reported to be involved in most cases of LS to date. We end this section with a summary of
other deficiencies caused by nuclear-encoded genes, not related to ETC enzymes that have

also been reported in patients with LS.

2.4.1. Complex |

Complex | also known as NADH:Ubiquinone oxidoreductase (Figure 2.3.2.), is the first
component and largest complex of the mitochondrial ETC, comprising more than 45 subunits
(Sarzi et al., 2007;Nesbitt et al., 2012). The mtDNA encodes only 7 (MTND1-MTND6, MTNDA4L)
of these subunits, while nDNA encodes the remaining structural and assembly factor subunits
(Sarzi et al., 2007) (Table 2.3.2.). This enzyme oxidizes NADH (Nicotinamide Adenine
Dinucleotide) -produced through glycolysis, the Krebs cycle, and p-oxidation- to reduce
ubiquinone (Q); the energy from this redox reaction is coupled to proton translocation across the
mitochondrial inner membrane (Sarzi et al., 2007;Nesbitt et al., 2012;Babot and Galkin,
2013;Babot et al., 2014). Owing to its size and location in the OXPHOS pathway, a complex |
defect could result in severe respiratory chain dysfunction and has been reported to account for
most cases of LS (Kirby et al., 2003). Complex | deficiency can present at any age, with
symptoms ranging from isolated myopathy or liver disease to multisystemic disorders (Werner

et al., 2009).

To date, approximately 14 nDNA genes encoding for both structural and
biogenesis/assembly factor subunits of complex | (Supplementary Table 7.3.1.) have been
implicated in the etiology of LS (Berger et al., 2008;Koopman et al., 2013). Only three mtDNA
genes (MTND2, MTND3, MTND5), however, have been reported to be largely involved in LS,

with MTND3 and MTND5 mutations being the most prevalent of all three mtDNA mutations
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reported thus far. While these mutations are the most common, there have also been isolated
reports of patients with MTND1, MTND4, and MTND6 mutations resulting in LS or Leigh-like
syndrome, albeit, in very rare cases (McFarland et al., 2004). Some of the most recurrent
structural subunit mutations which have been reported to contribute to LS include T10158C
(McFarland et al., 2004), T10191C (Taylor et al., 2001a), and G10197A (Sarzi et al., 2007) in
the MTND3 gene; T12706C (Taylor et al., 2002), G13513A (Chol et al., 2003), and A13514G
(Corona et al., 2001) in the MTND5 gene; and G14459A (Kirby et al., 2000), and T14487C

(Ugalde et al., 2003) in the MTND6 gene (Supplementary Table 7.3.2.).

Both T10158C, and T10191C mutations result in amino acid substitutions of a polar serine
residue for a hydrophobic proline residue at codons 34 and 45 of the MTND3 genes
respectively. The third mutation, G10197A results in a substitution of a hydrophobic alanine
residue for a polar threonine residue at codon 47 of the MTND3 gene (McFarland et al.,
2004;Sarzi et al., 2007). Structural analysis of the MTND3 subunit suggests that all of these
mutations reside in the transmembrane domain of the MTND3 gene which projects into the
mitochondrial matrix (Sarzi et al., 2007). The location of these mutations suggests that they
either act to cause dysregulation in complex | assembly or reduce the enzymatic activity of the
enzyme. Studies strongly suggest that, although T10158C, and T10191C mutations moderately
reduced complex | assembly, the decrease is almost negligible when compared to the drastic
reduction in enzyme activity of the complex in these mutants (McFarland et al., 2004), thus
suggesting that MTND3 mutations could result in LS through a decrease in the enzymatic

activity of complex I.

Studies have reported LS cases resulting from mutations in G13513A and T12706C of the
MTND?5 genes associated with complex | (Kirby et al., 2003). Although it has been reported that
disease phenotype only presents in tissues such as muscle and brain at high mutant loads

(typically above 90%) for most pathogenic mutations, the MTND5 gene mutation can result in
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diseased phenotype at low mutant loads even below 50% (Kirby et al., 2003). This could
potentially be a result of very low heteroplasmy; alternatively, the origin (fibroblast) of the cells
used in this analysis could potentially explain this observation. Immunoprecipitation studies
allude to MTND5 subunit as being located peripherally in complex | and have been suggested to
be the last subunit to be assembled into the complex. Further, the MTND5 synthesis is believed
to be a rate-limiting step for the activity of complex | (Liolitsa et al., 2003). Therefore, the
MTND?5 subunit is a key regulator of complex | assembly and stability, consequently is a key
modulator of cellular respiration. Taken together, this could explain why a mutation in MTND5
subunits at lower mutant load could result in severe cases of LS and other complex | related
disorders such as MELAS (mitochondrial encephalomyopathy with lactic acidosis and stroke-

like episodes) or LHON (Leber’s hereditary optic neuropathy).

Given the importance of Complex | in the OxPhos pathway, any mutation that affects its
function could gravely perturb the ETC, resulting in decreased ATP synthesis and increased
production of ROS and other reactive species. These effects result in a vicious cycle that results
in mitochondrial degradation and subsequent cell and tissue death. Studies have suggested that
complex | activity has to be reduced by more than 70% before oxygen consumption or ATP
production is perturbed (Sarzi et al., 2007), indicating that a high percentage of mutant mtDNA
must be present for biochemical or clinical manifestation of disease. However, as mentioned
previously, the location of the mutation could determine what percentage of mutant load would
result in a diseased phenotype. For example, MTND3 mutation requires a higher mutant load
(greater than 80%) to result in LS phenotype, while MTND5 mutation could result in LS
phenotype at mutant load as low as 50%. Aside from mutation threshold, factors such as
additional genetic factors, cell cycle (mitotic cells vs non-mitotic cells), can influence the
expression of complex | deficiency (Sarzi et al., 2007). It is worth noting that recent findings from

interventional studies have shown improvement in bioenergetics functions without rescuing ETC
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defects. Intervention strategies such as those targeting NAD+ metabolism, or mTOR inhibition
have alleviated mitochondrial disease in some models of LS and related mitochondrial disorders
(Johnson et al., 2013;Lee et al., 2019a;Cheema et al., 2021). These findings again allude to the

complexity associated with studying mitochondrial disorders.

2.4.2. Complex

Complex I, also known as succinate-coenzyme Q reductase, is the smallest of the ETC
complexes with all four subunits (Succinate dehydrogenase subunits A to D; SDHA-D) being
nuclear-encoded (Table 2.3.2.) (Ruhoy and Saneto, 2014). Located in the inner membrane of
the mitochondria, this complex participates in both the citric acid cycle and ETC. The largest
catalytic subunit, SDHA oxidizes succinate and couples this to the reduction of its flavine
cofactor, FAD; while the other catalytic subunit, SDHB shuttles electrons to ubiquinone in a
concerted manner (Renkema et al., 2015). Mutations in complex Il account for a very small
portion of OxPhos disorders, as dysfunction in this complex, is very rare (Pagnamenta et al.,
2006;0hlenbusch et al., 2012;Jain-Ghai et al., 2013;Renkema et al., 2015). More than 10
different autosomal-recessive pathogenic mutations in SDHA have been reported to cause LS,
Leigh’s-like, and other related mitochondrial disorders, while mutations in SDHAF1 (a complex Il
assembly factor), SDHB, and SDHD have also been reported to cause LS or LS-like symptoms
(Supplementary Table 7.3.1.). However, there is still no report of SDHC involvement in the
etiology of LS (Renkema et al., 2015). Although clinical phenotype and MRI findings have been
used to describe LS or LS-like symptoms in patients with complex Il defects, some of the
patients presented with other symptoms that were not characteristics of LS (Jain-Ghai et al.,
2013). For instance, a case of mild LS was reported to be caused by homozygous G555E
mutation in the SDHA subunit of complex II; whereas, this same mutation has been reported to
be responsible for cases of lethal-infantile presentations of mitochondrial complex Il defects

(Pagnamenta et al., 2006). While it is typical to observe phenotypic heterogeneity in
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heteroplasmic mutations of mtDNA, this is atypical of a nuclear mutation. This observation
alludes to the heterogeneous nature of this disease that contributes to its complexity, thus

making it difficult to completely understand its etiology.

2.4.3. Complex Il

Mitochondrial complex lll, also known as ubiquinol cytochrome c reductase (Figure 2.3.2.),
is located within the mitochondrial inner membrane where it catalyzes the transfer of electrons
from succinate and NADH dehydrogenases to cytochrome c (de Lonlay et al., 2001;Barel et al.,
2008). Further, energy from this electron transfer is used in the translocation of a proton across
the inner membrane, contributing to the proton gradient required for OXPHOS. Complex Ili
consists of 11 structural subunits (Table 2.3.2.) with only one of these subunits, cytochrome b
(MTCYB), encoded by the mtDNA. Isolated mitochondrial complex Il deficiencies are rare and
present with heterogeneous clinical symptoms characteristic of LS. In a clinical report of a 15-
month-old female LS patient of European descent, two homoplasmic mutations involving
C14792G and G14459A was reported that resulted in p.His16Asp change in MTCYB and
p.Ala72Val substitution in the ND6 subunit, respectively (Ronchi et al., 2011). Interestingly, the
mother of this patient (normal) was homoplasmic for the C14792G mutation (MTCYB) but
heteroplasmic for the G14459A mutation. This suggests that the ND6 mutation and not the
MTCYB mutation is involved in the LS pathology in this patient. While mutations in nuclear-
encoded proteins of complex Il have been reported to be involved in LS pathology
(Supplementary Table 7.3.1.), most pathological cases of MTCYB mutations (Supplementary
Table 7.3.2.) result in skeletal muscle weakness, exercise intolerance, and in some cases

sporadic myopathy-rhabdomyolysis associated with ragged-red fibers (Barel et al., 2008).

While various pathogenic mutations in the gene encoding cytochrome b (MTCYB) have

been reported, mutations in nDNA have only been reported in three genes to date: the BCSI1L,
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TTC19, and the UQCRB gene (ubiquinol-cytochrome c reductase binding protein) (Barel et al.,
2008). Both BCS1L and TTC19 genes encode assembly factor proteins of complex Ill, with the
BCS1L gene encoding for a complex Il assembly factor (de Lonlay et al., 2001), while TTC19
encoding for tetratricopeptide 19, a protein embedded in the inner mitochondrial membrane
(Atwal, 2014). The UQCRB gene encodes subunit VI (chromosome 8q22) of complex IlI, while
another study described a large consanguineous inbred Israeli Bedouib kindred with a mutation
in the UQCRQ gene, which resulted in a C208T mutation in exon2 of the subunit (Barel et al.,
2008). This mutation resulted in a substitution of serine for phenylalanine at position 45
(p.Serd5Phe) in the encoded protein, UQCRQ, complex Il subunit VIl and resulted in LS-like
symptoms. In addition to decreased activity of complex Ill, the activity of complex | was also
decreased in these patients, a common observation because of the structural interdependence
of complex | and complex Ill. While TTC19 mutations are rare, BCS1L constitutes most cases of
LS associated with nDNA mutations(Atwal, 2014). As has been alluded to previously, both
isolated complex Il and combined complex | and Il deficiencies can contribute to LS pathology.
Thus, future work needs to focus on understanding supercomplex assembly and dysregulation

in this assembly as it relates to LS.

2.4.4. Complex IV

Also referred to as cytochrome c oxidase (COX), complex IV is the terminal enzyme of the
mitochondrial ETC (Figure 2.3.2.); and is embedded in the inner mitochondrial membrane
where it catalyzes the transfer of electrons from reduced cytochrome ¢ to molecular oxygen
(Antonicka et al., 2003;Bohm et al., 2006). In humans, COX is a multimeric protein composed of
13 subunits with 3 encoded by the mtDNA (MTCOX1-3) and form the catalytic subunits of the
enzyme, while the other 10 are nuclear-encoded and contribute to the assembly and biogenesis

of the complex (Antonicka et al., 2003).
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While isolated cases of COX deficiencies owing to mtDNA mutations have been reported
(Supplementary Table 7.3.2.), mutations in nuclear-encoded genes have been reported as the
most common cause of Complex IV deficiency (Supplementary Table 7.3.1.). Approximately
15% of LS cases worldwide are attributed to isolated COX deficiency, with mutations in the
SURF1 gene accounting for at least a third of these cases (Li et al., 2018). Mutations in other
nuclear genes such as Scol(Mourier et al., 2014), Sco2 (Joost et al., 2010), Cox10 (Antonicka
et al., 2003), Cox15 (Mourier et al., 2014), LRPPRC (Rolland et al., 2013;Mourier et al., 2014),
TACO1(Weraarpachai et al., 2009), PET100 (Lim et al., 2014), C120rf65 (Wesolowska et al.,
2015), which play important roles in COX assembly and biogenesis, have all been implicated in

LS pathology.

The LRPPRC mutation is one of the most studied founder mutations, which affects the
leucine-rich pentatricopeptide repeat domain protein (LRPPRC), involved in post-transcriptional
regulation of mitochondrial gene expression (Olahova et al., 2015). This specific mutation is
found to be prevalent and unigque to the French-Canadian population in the Saguenay-Lac-
Saint-Jean region of Quebec. In one of the largest known cohort patient studies, the result
showed that 55 of the 56 patients were homozygous for A354V mutation in the LRPPRC gene
and presented with LS or stroke-like episodes. Compared to SURF1 mutations, LRPPRC
mutation resulted in a distinct occurrence of a metabolic crisis, consequently resulting in earlier

and higher mortality (Mourier et al., 2014).

SURF1 mutation is the other most studied COX deficiencies resulting in LS and other
metabolic disorders. Surfl is an assembly factor of complex IV and is a member of the Surfeit
locus protein localized in the mitochondrial inner membrane with multiple transmembrane
domains. Although the loss of SURFL1 function has been shown to result in a considerable
decrease in complex IV assembly, it does not result in complete loss of the assembly,

suggesting that it is important but not indispensable. A recent study reported a case of SURF1
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mutation associated with LS in the Chinese population with data suggesting the presence of a
mutation spectrum and the likelihood of the spectrum being population specific. The specificity
of this mutation in Chinese populations related to the presence of more frameshift and
nonsense mutations in this gene compared to point mutations noticed in other populations (Li et

al., 2018).

Other rare mutations in assembly proteins of COX have been described. For example, eight
Australian families with Lebanese ancestry diagnosed with LS or LS-like encephalopathy
associated with COX deficiency had mutations in the PET100 gene (Lim et al., 2014). This
mutation resulted in a similar, yet distinct clinical presentation to those of SURF1 LS from
patients with Lebanese ancestry. While the exact function of this gene is still unknown, this
points to PET100 as being another case of the founder’'s mutation. While the SURF1 and
LRPPRC seem to retain a homogenous phenotypic presentation in LS, our knowledge of the
functions of these and other assembly/biogenesis proteins is still lacking. Therefore, it is still

very unclear the specific role of each of these genes in the etiology of LS.

2.45. Complex V

A multi-subunit complex, with a molecular mass of approximately 550kDa, the mitochondrial
ATP synthase, or complex V (Figure 2.3.2.) is the terminal complex of the OxPhos pathway
(Kucharczyk et al., 2009b). The ATP synthase has both a hydrophobic domain (F,), embedded
in the mitochondrial inner membrane, and a hydrophilic ATPase domain (F1), which resides in
the matrix. The mitochondrial complex V uses a proton gradient generated by the other ETC
complexes (I, lll, and 1V) to drive the catalytic conversion of ADP (Adenosine diphosphate), and
inorganic phosphate (P;) into ATP (Adenosine triphosphate). In humans, the complex is

composed of 19 structural subunits, 2 of which are encoded by mtDNA, the other 17 encoded
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by nDNA. Mutations in either of the nuclear or mitochondrial encoded genes could contribute to

the dysfunction of this complex, consequently resulting in decreased ATP synthesis.

Although nDNA or mtDNA mutations could affect the functions of complex V
(Supplementary Table 7.3.1.), mutations in the MTATP6 gene seem to be the most prevalent
pathological cause of LS related to complex V deficiency (Supplementary Table 7.3.2.). The
MTATPG6 gene is one of the two mtDNA genes that encode proteins forming part of the F,
domain of complex V, with the most common mutation being a point mutation at nucleotide
position 8993. Two-point mutations in this specific nucleotide position, T8993G and T8993C
which result in substitution of a highly conserved Leucinel56 (Leu) residue for Arginine (Arg)
and Proline (Pro) residues respectively have been associated with complex V deficiency (Uziel
et al., 1997;Baracca et al., 2007;Debray et al., 2007). Interestingly, the T8993C mutation has a
milder diseased phenotype compared to the T8993G mutation. The T8993C mutation, even at a
very high mutant load of 94% results in mild cases of NARP while the T8993G result in more
severe cases of Maternally Inherited Leigh’s Syndrome (MILS) (Santorelli et al., 1993).
Furthermore, the T8993C mutation has been reported to result in late-onset manifestation and
slower disease progression. The relative severity of T8993G compared to T8993C could
potentially be attributed to the amino acid substitutions of each mutation. The T8993C mutation
results in non-polar amino acid, Leu being substituted with another non-polar amino acid, Pro;
while the T8993G mutation results in substitution of non-polar amino acid for a charged (basic)
amino acid, Arg. The change in polarity and introduction of a charged amino acid could result in
greater destabilization in the catalytic site of the ATP synthase where this mutation occurs
(Kucharczyk et al., 2009a). Further, increased ROS and Superoxide Dismutase (SOD)
production by T8993C mutants and significantly higher membrane potential in T8993G mutants
could serve as compensatory mechanisms employed in these mutations, thus serving to explain

the varying phenotypes observed between the two mutations (Baracca et al., 2007). However,
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other research groups have reported that while both mutations affect cellular energetics and
result in varying diseased phenotypes, ATP-synthesis in cells with either of these mutations is
not extremely diminished (Pallotti et al., 2004;Baracca et al., 2007). These observations
demonstrate that the bioenergetic defect is unlikely to be the main reason for disease
pathogenesis with the need for more studies to elucidate the mechanism of disease pathology

associated with these mutations.

Another mutation at nucleotide position 9185 of the MTATP6 gene has been reported to be
involved in LS. The T9185C results in a substitution of Leu220 for proline and is believed to
interfere with the proton pump. Similar to the T8993G mutations, lymphoblast studies did not
show abnormality in ATP synthesis. The reason for the onset of LS in individuals carrying this
mutation is unknown; however, disease onset and exacerbation in T9185C cases correspond to
febrile viral-like illness or infection (Saneto and Singh, 2010;Piekutowska-Abramczuk et al.,
2018). In one case, hypoxia treatment reversed LS in a patient carrying this disorder while the
brother of this patient with 100% mutated mtDNA for T9185C mutation did not present with
NARP/MILS (Piekutowska-Abramczuk et al., 2018). In this specific case, it was postulated that
hypocapnia and respiratory alkalosis as a result of hyperventilation could potentially contribute
to LS and hypoxia treatment was a recommended therapeutic option to reverse disease
symptoms (Piekutowska-Abramczuk et al., 2018). However, these studies could not fully
elucidate the mechanism of LS disease pathology due to the very small sample size. Therefore,
more extensive studies need to be performed to better understand the role of this mutation in

disease etiology.

2.4.6. Other deficiencies involved in LS

Besides deficiencies in the ETC and ATPsyntase enzymes, pathogenic mutations in gene

encoding proteins essential for the maintenance of the integrity of the mitochondria have also
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been reported to cause LS (Lebon et al., 2007;Ghezzi et al., 2009;Fassone et al., 2010;Debray
et al., 2011;Gerards et al., 2013;Baertling et al., 2017;Smith et al., 2018). Genes encoding
proteins needed for assembly of OXPHOS enzymes, expression, and maintenance of mtDNA,
cofactor biosynthesis, mitochondrial quality control and dynamics, and pyruvate dehydrogenase,
and vitamin transport have all been implicated in LS (El-Hattab et al., 1993;Rahman and
Thorburn, 1993;Benit et al., 2001;de Lonlay et al., 2001;Antonicka et al., 2003;Calvo et al.,
2010;Tucker et al., 2011;Patel et al., 2012;Atwal, 2014;Smith et al., 2018). Many of the genes
involved in these processes are nuclear-encoded, as described previously. Likewise, mutation
to any of the mtDNA genes encoding the rRNAs and tRNAs involved in protein synthesis in the

mitochondria can have a dire effect on the structural and functional integrity of the mitochondria.

Historically, the mutation in a subunit of the pyruvate dehydrogenase complex (PDHc) was
one of the first observations recorded in cases of LS patients (DeVivo et al., 1979). In a review
of 371 patients with a spectrum of PDHc deficiency, LS was described in 50 of these patients
(Patel et al., 2012). The PDHc is a multi-subunit enzyme that is involved in the conversion of
pyruvate into acetyl-CoA, an important substrate of the TCA cycle. As such it connects the
glycolytic pathway with the oxidative pathway of the TCA cycle (Patel and Korotchkina, 2006).
Therefore, mutations affecting any of its subunits can result in disruption to mitochondrial
respiration and result in reliance on the glycolytic pathway for the production of ATP. Pathogenic
mutations in the PDHA1 gene have been reported as the most common PDHc deficiency

involved in LS (Quintana et al., 2009;Patel et al., 2012).

Aside from PDHoc, errors in thiamine metabolism were also considered one of the causes
of LS when it was first described. During the early years after its initial description, its
resemblance to Wernicke’s encephalopathy (WE) led many to believe that LS resulted from an
error in thiamine metabolism (Worsley et al., 1965;Baertling et al., 2014;Leigh et al., 2015).

Many years after its first description, it was noted that some patients with LS presented with
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deficiencies in either the pyruvate decarboxylase (Evans, 1981) or pyruvate dehydrogenase
complex (PDHc) (DeVivo et al., 1979). This is because thiamine (vitamin B1) is a cofactor used
by a lot of enzymes involved in cellular metabolism (Brown, 2014). Thiamine is transported into
the cell by two transporters, THTR1 and THTR2. In the cytosol, thiamine gets converted into its
active form, thiamine pyrophosphate (TPP) (Brown, 2014). TPP serves as an essential cofactor
for enzymes such as transketolase, PDHc, alpha-ketoglutarate dehydrogenase, and several
other enzymes involved in various metabolic pathways (Brown, 2014;Gerards et al., 2016).
Mutations in TPK1 (thiamine pyrophosphokinase) (Banka et al., 2014), SLC25A19, and
SLC19A3 (Gerards et al., 2013;0rtigoza-Escobar et al., 2014;0rtigoza-Escobar et al., 2016)
have all been implicated as the most common cause of LS resulting from thiamine deficiency.
The TPK1 is involved in conversion of thiamine into its active form in the cytosol, while
SLC19A3 encodes the gene for one of the thiamine transporters (THTR2). Suggesting that
mutations that affect the transport or metabolism of thiamine can result in dysfunction of

mitochondrial energetics.

Other mutations have been reported to be involved in LS as well. Mutations resulting in
defects to mitochondrial gene expression can also cause LS. Mutations in genes encoding
translation machinery such as tRNAs and mitochondrial housekeeping have been reported.
These include mutations in the mtDNA encoded tRNA MTT1(Cox et al., 2012), a mutation in
catalytic subunits of the DNA polymerase gamma (POLG), and several nuclear-encoded
translation factors (Antonicka et al., 2003;Valente et al., 2007;Tucker et al., 2011;Ahola et al.,
2014;Schwartzentruber et al., 2014). Mutations in nuclear genes encoding structural and
assembly subunits (Supplementary Table 7.3.1.) of ETC enzymes have also been described.
The most common of these are mutations in the NDUF (Budde et al., 2000;Bugiani et al.,
2004;Hoefs et al., 2008;Tuppen et al., 2010a;Hoefs et al., 2011;Uehara et al., 2014;Lou et al.,

2018;Sofou et al., 2018) and SURF1 (Tiranti et al., 1999;Sonam et al., 2014;Li et al.,
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2018)genes. Mutations in nuclear genes resulting in Cl or CIV deficiencies (Supplementary
Table 7.3.1.) account for a large percentage of the nuclear mutations associated with LS
(Koene et al., 2012;Gerards et al., 2016). Advances in whole-genome and exome technology
continue to result in the identification of isolated and multiple complex deficiencies that

contribute to LS.

2.5. Disease models for LS

Owing to the difficulty of manipulating the mammalian mitochondrial genome and the paucity
of animal models, several model organisms have been developed over the years to study
mitochondrial-related disorders. Some of these models include organisms like yeasts
(Srivastava et al., 2018), fruitflies (Scialo et al., 2016), and worms (Lin and Wang, 2017). Much
of the structure of the mitochondrial ETC complexes were first determined through
crystallization studies using yeast as the model organism (Srivastava et al., 2018). Therefore, it
is important to highlight how these models have proven to be invaluable in our quest to
understanding mitochondrial disorders such as LS. The following section discusses some of the
breakthroughs that have been recorded using the current models. Furthermore, the limitations
of each of these models are briefly discussed to accentuate the importance of developing an

appropriate disease model for studies of LS and related mitochondrial disorders.

2.5.1. Yeast

Saccharomyces cerevisiae is the most widely used organism for studying mitochondrial
genetic disorders (Tuppen et al., 2010b), largely in part to the structural similarity between yeast
mt-tRNAs and the possibility of transforming yeast to construct various mitochondrial mutations
(Ahlers et al., 2000;Feuermann et al., 2003;Tuppen et al., 2010b). Furthermore, the ability of S.
cerevisiae to survive in the complete absence of functional mtDNA makes it an attractive model

for studying severe mitochondrial defects (Tuppen et al., 2010b;Ceccatelli Berti et al., 2021;di
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Punzio et al., 2021). Yeast models have been employed in investigating various mitochondrial
tRNA mutations (De Luca et al., 2006;Montanari et al., 2008) involved in MELAS (mitochondrial
myopathy, encephalopathy lactic acidosis and stroke-like episodes) (Feuermann et al., 2003),
MERRF (myoclonic epilepsy and ragged red fibers), CPEO (chronic progressive external
ophthalmoplegia) (Rohou et al., 2001) and other related myopathies. Yeast has also been used
to characterize and model the m.T8993C mutations which are a common cause of NARP and
MILS (Tuppen et al., 2010b). Early studies on caloric restrictions and longevity in S. cerevisiae
resulted in the discovery that caloric restriction extends lifespan in yeast (Jiang et al., 2000;Lin
et al., 2000;Schleit et al., 2013). It was these findings that paved the way for the use of mTOR
inhibitors as potential therapies for mitochondrial disease (Johnson et al., 2013;Sage-Schwaede

et al., 2019;Cheema et al., 2021).

Although this model has been instrumental in better understanding various mitochondrial-
related disorders, marked evolutionary distance between yeast and humans does not allow for
conclusive information about the impact of these defects on tissues and organs. Furthermore,
fermentative yeast such as S. cerevisiae lack complex I, making it impossible to model one of
the most common causes of a mitochondrial disorder. The introduction of an alternative model,
the obligate aerobic yeast, Yarrowia lipolytica, however, could potentially resolve this problem.
Y. lipolytica possesses a vital proton-pumping NADH:ubiquinone oxidoreductase, making it
possible to study the structure and function of complex | in health and disease. In this model
system, three missense mutations in nuclear-coded subunits homologous to bovine TYKY
(NDUFS8) and PSST (NDUFS?7) of the mitochondrial complex | was developed to understand
the function of these subunits (Ahlers et al., 2000); and led to conclusions that NDUFS8 and
NDUFS7 might be involved in proton translocation by complex I. While this model solves the
problem associated with a lack of complex | in S. cerevisiae, it still does not address the

variation in homology and evolutionary distance between yeast and humans. Therefore, the
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yeast model is still not able to answer all the questions regarding mechanisms of disease

pathology in various mitochondrial-related disorders.

2.5.2. Worm

The nematode, Caenorhabditis elegans (C. elegans) is another model organism that has
been used for studying LS. C. elegans are simple multicellular organisms with only 959 cells,
organized into gastrointestinal, reproductive, muscle, nerve, and cuticle tissues. The genome of
C. elegans has been fully sequenced and it is known to share greater than 83% homology with
the human genome (Lai et al., 2000;Maglioni et al., 2020). The transparency of the worm and its
small size makes it easier to directly visualize cellular processes and manipulate their genes to
model various human diseases (Kuwabara and O'Neil, 2001;Maglioni et al., 2020). Furthermore,
the complete outline of the neurons and synaptic connectivities in C. elegans have been
determined, making it ideal for studying neurodegenerative disorders like LS (Riddle and Albert,
1997;Maglioni et al., 2020). It has been used as a model to study neuronal alterations during
aging and as a model for neurodegenerative diseases like Alzheimer’s and Parkinson’s disease
(Lublin and Link, 2013;Alexander et al., 2014). Disease models of LS with human homologs of
NDUFS4 and NDUFS1 mutations affecting Cl were created with C. elegans to screen for drugs
that can suppress the disease (Maglioni et al., 2020). Not only does the model in this study
recapitulate the human pathologies associated with the mutations, but they also led to the
discovery that the mutations were causing alterations in acetylcholine synapsis. In another
study, a human homolog of the NDUFS2 mutant model was created to study the preventative
and therapeutic effects of various antioxidants that have been proposed for the clinical
treatment of respiratory chain diseases (Polyak et al., 2018). Human homologs with missense
and deletion mutations have also been created for genes such as SDH-C (ClIl), UQCRFS1
(Clll), COQ7, and IDH1 (Lai et al., 2000). These mutant strains have allowed for modeling

respiratory chain dysfunction and investigating in vivo mitochondrial functions associated with
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these defects (Kayser et al., 2004;Lemire et al., 2009;Dingley et al., 2010). These types of
studies where mutations are introduced to study disease phenotypes while screening for
targeted therapeutics continue to provide valuable information on mechanisms underlying the
mutation variants involved in LS and other respiratory chain disorders (Diaz, 2010;Polyak et al.,

2018;Maglioni et al., 2020;Fox et al., 2021).

While worm models present several advantages such as short lifecycle/lifespan, the relative
ease and low cost of generating transgenic strains, and their transparent nature which allows for
cellular localization of fluorescently tagged genes, they present with their limitations (Kamath et
al., 2001;Timmons et al., 2001;Rea et al., 2010), One of the major challenges of using worms
as disease models is in the ability to obtain evidence that observed pathologies are specific and
relevant to the disease being studied (Teschendorf and Link, 2009). The evolutionarily
conserved genes between worms and humans make it easy to introduce mutations to replicate
the involvement of NnDNA in mitochondrial disorders. However, mtDNA mutations have a mild
effect in C. elegans and do not mimic the features associated with these pathogenic variants in
humans (Tsang and Lemire, 2003). Since mtDNA mutations can also result in LS, worms might
not be ideal models for studying pathophysiological features associated with mutations in the
mitochondrial genome. Nevertheless, worm models recapitulate many key features of protein of
interest in human respiratory chain disorders and continue to serve as critical foundations for

furthering our understanding of these disorders.

2.5.3. Fruit fly

Given that neurodegeneration is one of the hallmarks of LS, the fruit fly, Drosophila
melanogaster, has proven to be invaluable in understanding the cellular, and molecular genetic
mechanisms underlying neurodegeneration (reviewed in (Deal and Yamamoto, 2018)). Studies

with Drosophila have allowed the identification of certain evolutionarily conserved genes that
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contribute to neurodegeneration in humans. Furthermore, the fruit fly has been used to
construct models of various LS mutations. Transcriptional silencing of CG9943, the Drosophila
homolog of SURF1 resulted in decreased COX activity, mirroring some of the same ETC
defects observed in humans with SURF1 mutations (Da-Re et al., 2014). In addition to
dysregulation of COX activity, it was also observed that activity of the Fo-subunit of the
ATPsynthase and the other OXPHOS complexes were affected. This suggests an additional
role in the organization of OXPHOS complexes for the SURF1 gene in addition to its role in the
assembly of COX (Da-Re et al., 2014). Knockdown in another D. melanogaster gene, ND-18,
an ortholog of the human NDUFS4 recapitulates the feeding difficulty observed in humans with
a defect in this complex | gene (Foriel et al., 2018). One of the biggest advantages the fruit fly
model offers is that knockdown models reduce the impact of heteroplasmy, allowing for
recapitulation of key features of LS disorder in humans and enabling detailed in vivo studies of
LS and other associated mitochondrial disorders (Sanchez-Martinez et al., 2006;Foriel et al.,
2018;Loewen and Ganetzky, 2018). Although D. melanogaster continues to be used as a model
to study the effects of mutations on mitochondrial functions and the consequent effect on
neurodegeneration (Chen and Feany, 2005;Jeibmann and Paulus, 2009;Chen et al., 2016), the
anatomical divergence between humans and fruit fly limits recapitulation of certain
morphological features. While the fundamental molecular pathways might be conserved, these
differences possess limitations in the D. melanogaster models; thus requiring significant follow-
up studies in higher model organisms of any genes observed as involved in LS pathology in D.

melanogaster.

2.5.4. Mouse

Although yeast, worms, and fruitfly models have been invaluable in advancing our
understanding of mitochondrial genetics, a mammalian in vivo model system is required to fully

comprehend the etiology, pathogenesis, and tissue specificity associated with mitochondrial
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diseases. Where the yeast, worms and, fruitfly models lack, the mouse model is ideal largely in
part to its evolutionary closeness to humans. Advances in gene targeting have revolutionized
life sciences and made it possible to generate mouse models that can recapitulate mitochondrial
diseases (Vempati et al., 2008), with mouse models of OXPHOS defects (extensively reviewed
by (Torraco et al., 2009) proving to be invaluable tools in furthering our understanding of various
mitochondrial diseases. Transmitochondrial mice models developed to study mutation selectivity
in female mouse germline introduced with two different mutations; a severe ND6 and milder
CO1 mutations using a heteroplasmic mice model, showed that while some tissues show
random genetic drift in their mtDNA,; in other tissues, there seems to be a strong, tissue-specific,
age-related directional selection for different mt-DNA genotypes even in the same animals
(Jenuth et al., 1997;Fan et al., 2008). Few studies have also developed an LS model for
neuroprotection studies by using the complex | inhibitor MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine). MPTP intoxicated mice served as a good model of LS based on the finding
that MPTP affects mainly complex | and complex IV and triggered basal ganglia degeneration

(Lagrue et al., 2009;Da Costa et al., 2016).

Mice missing the NDUFS4 subunit of complex | are the leading models for LS (Quintana et
al., 2010;Quintana et al., 2012;Adjobo-Hermans et al., 2020;Grillo et al., 2021). Studies on
Ndufs4 knockout (KO) led to the discovery that hypoxia can prevent and reverse neurological
effects of Cl-defect and LS (Ferrari et al., 2017;Jain et al., 2019). These studies revealed that
hypoxia extended the lifespan in KO mice by up to 4times those in normoxic conditions (Ferrari
et al., 2017). When KO mice with late-onset encephalopathy were exposed to normobaric 11%
O, the neurological disease in these mice improved. Once they were returned to normoxia, the
Ndufs4 KO mice died within days (Ferrari et al., 2017). Suggesting that intermittent hypoxia was
ineffective in preventing neuropathology. A similar result was observed in another study, where

activation of the hypoxia pathway was not sufficient to rescue disease in the Ndufs4 KO mouse
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model. However chronic hypoxic breathing and other intervention to reduce brain oxygen levels
were effective at preventing neurological disease in these mouse models (Jain et al., 2019).
These studies attributed a role for unused oxygen in the pathology observed under normoxic
and intermittent hypoxic conditions (Ferrari et al., 2017;Jain et al., 2019). The Ndufs4 KO has
been beneficial in understanding the potential for hypoxia as a therapeutic strategy for LS.
Another study with Ndufs4 KO showed that not only did the mutation result in a significant
decrease in Cl subunit levels, but it also induced a near-complete loss of another accessory
subunit, NDUFA12. The mutation also resulted in a significant increase in a different assembly
subunit NDUFAF2, leading to the conclusion that NDUFAF12 could stabilize ClI in the absence
of NDUFS4 and NDUFA12 (Adjobo-Hermans et al., 2020). In addition to the Ndufs4 KO, mouse
models have been engineered for studying deficiencies in other ETC complexes that contribute
to LS. Homozygous Surfl mutant mice with cytochrome c oxidase deficiency (Agostino et al.,
2003), mice lacking mitochondrial superoxide dismutase (Melov et al., 1998), and mice deficient
in the mitochondrial membrane protease Presenilins-associated rhomboid-like protein (PARL)

(Spinazzi et al., 2019) have all been created to model LS.

Whilst the mouse model has been invaluable in answering many questions associated with
mitochondrial disease etiology and pathogenesis, it seems to pose some challenges just like the
other models described previously. One of the biggest setbacks involves overcoming problems
of embryonic and neonatal lethality of mutant mice to examine if the mice faithfully reproduce
targeted disease as expected (Vempati et al., 2008). Nevertheless, mouse models have been
beneficial in overcoming challenges associated with the availability of human samples to
conduct comprehensive mechanistic analysis and continue to be used as a model for in vivo

studies of mitochondrial diseases.
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2.5.5. Humans

2.55.1. Transmitochondrial cybrids

After recognition in 1963 that the mitochondria contain their genome and the realization that
under conditions favoring glycolytic metabolism, yeast will undergo depletion and deletion of
mtDNA molecules, efforts were made by scientists to artificially induce this phenomenon using
ethidium bromide (Swerdlow, 2007). It was not until 1985 that the first report of a total eukaryotic
cell mtDNA depletion was reported in a chicken embryo (Desjardins et al., 1985;Morais et al.,
1988). In 1989, King and Attardi reported the successful production of human osteosarcoma rho
zero (p°) cell lines; a significant progress that gave rise to the development of human
transmitochondrial cytoplasmic hybrid (cybrids) models for the investigation of mitochondrial
related diseases (King and Attardi, 1989). This model is especially appealing because it
delineates donor mtDNA from the original nuclear background, allowing for the study of

mitochondrial mutation-dependent differences in isolation (Danielson et al., 2005).

Transmitochondrial cybrids are generated by a cytoplasmic fusion of p° cells from parent cell
lines with enucleated cells from donor cell lines and have allowed for studies on the
heteroplasmic threshold, mtDNA-nDNA compatibility (Swerdlow, 2007), mtDNA segregation
(Jenuth et al., 1996;Jenuth et al., 1997), and most importantly for studying various disorders of
the mitochondria such as LHON (Danielson et al., 2005;lyer, 2013) and LS(lyer et al.,
2009b;lyer et al., 2012). Transmitochondrial cybrid models have also resulted in questioning the
uneven segregation hypothesis that has been used in explaining the genetic-phenotypic
variance associated with various mitochondrial diseases (Rorbach et al., 2008). While this
model provides an attractive option, it poses some challenges; one of the most obvious being
the technique used in generating the cell lines. The p°cells are generated through long-term

exposure to a mutagen, ethidium bromide, while the enucleated donor cells are generated by
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exposure to cytochalasin B; a mycotoxin (Danielson et al., 2005), a process that could induce
significant cellular stress and affect several gene expressions. Furthermore, the fusion process
may result in damage and disorganization of multiple cellular organelles and membranes.
Another challenge results from the use of aneuploid inherently genetically unstable cancer cell
lines as the parental cell lines used in this model (Danielson et al., 2005) as this could
potentially result in dysfunctional or variable gene expression. Finally, given that we do not fully
understand the cross-talk that exists between nuclear and mitochondrial DNA, a cybrid cell

might not fully recapitulate the disease of interest.

2.5.5.2. Induced Pluripotent Stem cell (iPSCs) models

The discovery of induced pluripotent stem cells (iPSCs) by Yamanaka in 2006 opened a
plethora of opportunities for biomedical research. Not only does this technology allow for the
reprogramming of differentiated cells to an embryonic-like state, but it also opened the door for
a new era of personalized medicine; allowing for the generation of patient-specific cell lines for
the study of various diseases (Takahashi et al., 2007). This technology is especially useful in
investigating mitochondrial diseases owing to their varying phenotypes. One of the challenges
associated with understanding the pathogenesis of mitochondrial diseases is the limited
availability of human supplies and variability in diseased phenotypes between and within
tissues. With iPSCs, some of these problems can be resolved as fibroblast-derived from
diseased patients could be reprogrammed and potentially differentiated into any cell/tissue to
better elucidate the pathological mechanism of a specific mitochondrial disorder on various
cells/tissues. Many recent studies have demonstrated the potential for generating human iPSC
patient-specific models from LS carrying mutations in MTATP6 and MTND5 genes (Galera-
Monge et al., 2016;Zurita-Diaz et al., 2016;Grace et al., 2019). Another study combined somatic
cell nuclear transfer (SCNT) and iPSC technology to perform a metabolic rescue in the iPSCs

generated from these patients, demonstrating the significant possibilities that iPSC models hold,
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as they could potentially be used to simultaneously study pathogenesis and develop treatments
for patients with LS and other mitochondrial diseases (Ma et al., 2015). With unique hiPSC
model systems that carry defined mtDNA mutations, the potential for a better understanding of
key pathways and metabolic regulation during the early development of LS is now possible. The
generation of patient-specific hiPSCs and subsequent generation of specialized differentiated
cell types also allows us to better understand the variability associated with LS and the
development of targeted therapies. In addition, it now allows us to address the extent to which

heteroplasmy is preserved in specific cell types during the differentiation process.

One of the challenges with iPSC models is the ability to maintain mutation load in daughter
cells after reprogramming and differentiation (Povea-Cabello et al., 2020). To address this
problem, direct reprogramming protocols have been developed to ensure that the age and
epigenetic markers of donors are maintained (Horvath, 2013;Mertens et al., 2015;Huh et al.,
2016). Another challenge is associated with the conversion efficiency and generation of high
purity samples that only contain the cell lineages of interest. Recent studies with induced
neurons (iN) have developed reprogramming techniques that address this problem, resulting in
a high yield and percentage of pure iNs (Drouin-Ouellet et al., 2017;Shrigley et al., 2018). The
biggest challenge of all relates to maintaining these cell lines in long-term culture. The long-term
culture of iPSC and reprogramming is difficult and extremely expensive, making it difficult to
adopt in labs with limited resources (Povea-Cabello et al., 2020). However, direct reprograming,
like those done to derive iNs can help reduce the cost of reprogramming hiPSC. Recently, iNs
from two MERRF patient-derived fibroblasts harboring the A8344G were successfully developed
using direct reprogramming (Villanueva-Paz et al., 2019). These iNs retained the heteroplasmy
mutation load from the parent fibroblast and showed features of matured neurons. Neuronal
maturation markers and functional studies such as electrophysiological recordings further

confirmed that these iNs behaved like neurons. Furthermore, the MERRF iNs showed
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pathophysiological features that have been described in other MERRF models, making them
suitable models for mimicking neurological disorders (Villanueva-Paz et al., 2020). Together,
hiPS and directed reprogramming technology hold promise for advancing our understanding of
mitochondrial disorders like LS, while allowing for targeted high-throughput drug screening in
human cell lines and advancing precision medicine (Villalon-Garcia et al., 2020). This is by far
the most accurate model because the same cell line from a single patient has the potential to be
differentiated into any cell type to study the effects of pathogenic mutations on the different cells
and tissues in humans. Drug screening using this technology could allow for quicker discoveries

because it eliminates the need of testing these drugs in other animal models.

2.6. Therapeutic strategies and future directions

Despite the progress that has been made in understanding the molecular mechanisms
underlying mitochondrial diseases, there are currently no specific treatment options for LS and
other related mitochondrial disorders. Currently, the available therapeutic approaches are
limited and are still an area of interest for various research groups. The currently available
options are symptomatic treatments; and focus on improving energy state through optimization
of ATP production while lowering lactate levels (Ruhoy and Saneto, 2014). EPI-743, an analog
of coenzyme Q10, is an antioxidant that has been suggested to improve clinical outcomes in
some cases of genetically confirmed LS in a small controlled study (Martinelli et al., 2012), while
supplementation with B vitamins such as thiamine, a cofactor of PDH (pyruvate dehydrogenase)
is being considered as a treatment option (Bar-Meir et al., 2001). The ketogenic diet has also
been proposed to improve symptoms in an adult case of LS (Malojcic et al., 2004) and some
studies have also suggested hypoxia treatment as a therapy for mitochondrial disease (Russell
et al., 2016;Shoubridge, 2016). While this might seem counterintuitive, studies in mice suggest
that hypoxia could potentially be used as a therapy for mitochondrial dysfunction, with the

researchers proposing that hypoxia could be beneficial owing to two different mechanisms: the
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first involving a reduction in O tension, resulting in a decrease of reactive oxygen species
(ROS), while the second involving activation of HIFs (Hypoxia-Inducible Factors), resulting in
decreased production of ATP by OXPHOS and a shift to glycolysis (Jain et al., 2016;Ferrari et
al., 2017;Jain et al., 2019). Extensive research needs to be performed to validate the
mechanism(s) involved in this process before hypoxia is deemed safe/efficient as a treatment
for any mitochondrial disorder. Furthermore, the efficacy and safety of many of the supplements
and vitamins are still being investigated. Many of these currently lack valid preclinical and
clinical evidence to support their efficacy in treating mitochondrial disorders (Garone and
Viscomi, 2018). One of the biggest challenges to developing treatment options for LS is the
phenotypic and genotypic variability associated with this mitochondrial disorder. Nevertheless,
efforts are being made to develop a novel treatment, with efforts focusing on therapies to
increase ATP production by the ETC, increasing mitochondrial biogenesis, targeting
dysfunctional mitochondria for degradation, or degrading mitochondrial genomes harboring
disease-causing mutations. The collective goal of these treatment options is to improve

mitochondrial health in specific cells and tissues that are impacted by the disease.

2.6.1. Mitochondrial replacement therapy

Since mtDNA are maternally inherited and mutations in the mt genome can result in a range
of pathologies and there is currently no cure for these diseases, mitochondrial replacement
therapies have gained attention as a means of limiting inheritance of pathogenic mtDNA (Kang
et al., 2016;Greenfield et al., 2017;Saxena et al., 2018;Craven et al., 2020). Two techniques,
one developed in the UK and the other in the US, have been established to prevent the
transmission of mutations in mtDNA (Saxena et al., 2018;Craven et al., 2020). In the UK, the
method that was developed and currently licensed involves pronuclear transplantation (PNT)
from an affected donor into an enucleated healthy embryo right after completing meiosis.

Reports from preclinical studies using this technique showed that mtDNA carryover was
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reduced to <2% in 79% of PNT blastocysts (Hyslop et al., 2016). In the US, the approach
developed is based on maternal spindle transfer (Kang et al., 2016;Zhang et al., 2017). This
involves the transfer of the nucleus of the affected mother’s oocyte to an enucleated donor’s
oocyte before fertilization with the father's sperm. The maternal spindle transfer resulted in
embryos containing >99% of donor mtDNA. While donor mtDNA was stably maintained in
embryonic stem cells (ES cells) derived from most embryos, some of the ES cell lines reversed
to the maternal haplotype (Kang et al., 2016). Leading to the suggestion that some haplotypes
confer proliferative and growth advantages to cells. Therefore, having leftover mtDNA from the
affected mother could still result in the development of the mitochondrial disorder in the offspring

later on.

In the US, the first baby born by the spindle transfer technique generated a lot of
controversies (Zhang et al., 2017;Garone and Viscomi, 2018). There are still so many ethical
issues surrounding the use of mitochondrial replacement therapy (Craven et al., 2020). This is
evident in the fact that there are very few countries that have adopted this. Even in countries like
the UK where its use has been approved, the approval is only for selected patients (Garone and
Viscomi, 2018;Craven et al., 2020). Aside from the ethical dilemma, both techniques that have
been developed still have a small fraction of the affected mother's mtDNA present (Hyslop et al.,
2016;Kang et al., 2016;Zhang et al., 2017). As reported in one of the studies, there was a
gradual loss of donor mtDNA in some of the ES cells derived from transplanted embryos. Long-
term follow-up on children born as a result of mitochondrial replacement therapy would help
clarify if they develop mitochondrial disorders later in life. Another concern that has been raised
relates to mitochondrial-nuclear DNA compatibility. However, studies have suggested that
switching nuclear genomes between different mitochondrial haplotypes does not result in any
detectable difference in mitochondrial gene expression (reviewed extensively by (Greenfield et

al., 2017)). The other limitation is that mitochondrial replacement therapy only addresses
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mitochondrial disorders resulting from a mutation in the mitochondrial genome, but not the

nuclear genome.

2.6.2. Gene therapy

Gene therapy promises to use development from gene-editing technologies to cure
mitochondrial diseases. Since mutations in mtDNA contribute to mitochondrial disorders, editing
these mutant DNA shift the proportions of mutant to healthy DNA, thereby, reducing the burden
of the disease. Early studies focused on using adeno-associated viral vectors (AAVS) to achieve
this (Garone and Viscomi, 2018;Viscomi and Zeviani, 2020). The use of AAVs for human gene
therapy is attractive because of the favorable safety profile and the availability of several tissue
specific serotypes (Garone and Viscomi, 2018;Viscomi and Zeviani, 2020). This approach does
come with its limitations, however. The first being the difficulty associated with limited cloning
capability. Secondly, it is difficult to achieve therapeutic expression in several tissues.
Nevertheless, AAVs have been used to partially rescue the phenotype in of Ndufs4 KO mouse
model with LS (Di Meo et al., 2017). AAVs have also been used in combination with other gene
editing tools to deliver therapeutic genes to affected organs (Bacman et al., 2013;Gammage et

al., 2016b;Bacman et al., 2018;Gammage et al., 2018).

Currently, restriction endonucleases (RE), zinc finger nuclease (ZFN), transcription
activator-like effector nuclease (TALEN), and CRISPR/Cas9 technology are widely used editing
tools for this purpose (Greenfield et al., 2017;Reddy et al., 2020;Yang et al., 2021). The RE,
Smal which is usually used for diagnosis of NARP and LS because of its ability to recognize the
DNA sequence in the pathogenic variant of the T8993G mutation was modified to eliminate this
mutant mtDNA. In this study, elimination of this pathogenic mtDNA was followed by repopulation
of wild-type mtDNA and restoration of mitochondrial functions (Tanaka et al., 2002). Studies

using ZFN (Minczuk et al., 2008;Gammage et al., 2014;Gammage et al., 2016a;Gammage et



47

al., 2018) and TALENS (Bacman et al., 2013;Reddy et al., 2015;Yang et al., 2018) have also
been used to successfully target pathogenic variants in the mitochondrial genome to eliminate
these mutant genes and restore wild-type phenotype. Although a lot of these techniques have
been readily adapted to editing the nuclear genome, slight modifications have to be made to
target them to mitochondria to modify mtDNA (Hussain et al., 2021). For instance, while
CRISPR/Cas9 has been adopted for base editing in the nuclear genome, it has been
challenging to do the same with the mitochondrial genome because of the difficulty associated
with the delivery of guide RNA into the mitochondria (Greenfield et al., 2017;Hussain et al.,
2021;Yang et al., 2021). However, a CRISPR-free technology involving the use of bacterial
cytidine deaminase toxin has been recently developed for use in mitochondrial base editing
(Mok et al., 2020). This new technology has the potential to pave the way for new studies

involving the precise manipulation of mtDNA to treat mitochondrial disorders.

2.6.3. Pharmacological treatments and diet

The pharmacological therapies focus on different aspects of mitochondrial functions,
ranging from upregulation of mitochondrial biogenesis or autophagy to preventing oxidative
damage (Lightowlers et al., 2015;Gerards et al., 2016;Povea-Cabello et al., 2020). The most
common targets for pharmacological agents focus on AMP-activated protein kinase (AMPK),
Sirtuins (Sirtl), and mammalian target of rapamycin complex 1 (nTORCL1) pathways (Garone
and Viscomi, 2018;Viscomi and Zeviani, 2020). The peroxisomal proliferator-activated receptor-
gamma 1 (PGC1a) is a transcriptional coactivator for several transcription factors. Post-
translational modification by AMPK or deacetylation by Sirt1 results in activation of PGC1a
(Viscomi and Zeviani, 2020). Therefore, pharmacological modulations on AMPK and Sirtl are
used to activate PGC1a to enhance mitochondrial biogenesis. AMPK is usually activated by
AMP, while Sirtl is activated by NAD+, so analogs of AMP and NAD+ are used to activate this

pathway. Compounds such as bezafibrate, AICAR, resveratrol, and nicotinamide riboside are
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examples of AMP and NAD+ analogs that have shown some success in treating mitochondrial
disorders (Bastin et al., 2008;Wenz et al., 2008;Cerultti et al., 2014;lannetti et al., 2018). The
other pathway that is targeted involves the mTORC1. mTORCL1 is a cytosolic Serine/Threonine
kinase belonging to the phosphatidylinositol kinase-related protein kinases family. It plays a
central role in processes such as protein translation, immune response, nucleotide and lipid
synthesis, glucose metabolism, autophagy, and lysosomal biogenesis (Saxton and Sabatini,
2017). As discussed previously, studies on caloric restriction in yeast led to the idea that
inhibition of MTORCL1 can be used as therapy for mitochondrial disease. Rapamycin and its
analogs are potent inhibitors of MTORC1 and have been shown to improve symptoms in some
patients with mitochondrial disease (Sage-Schwaede et al., 2019;Martin-Perez et al., 2020). The
effect of rapamycin has been tested in NDUFS4 KO mice, results from this and other studies
show that mTORCL1 inhibition alleviated mitochondrial disease in the mouse model of LS
(Johnson et al., 2013;Cheema et al., 2021). It has been suggested that rapamycin acts by
inducing a metabolic shift from glycolysis to amino acid metabolism, reducing the buildup of

glycolytic intermediates (Schleit et al., 2013).

In line with the idea of metabolic shift is the ketogenic diet. This type of diet aims to shift
metabolism towards beta-oxidation and ketone body production, to increase transcription of
OXPHOS, TCA cycle, and glycolysis genes (Bough et al., 2006). In mouse models following a
ketogenic diet, a decrease in mitochondrial ROS, and an increase in mitochondrial uncoupling
protein and glutathione levels were reported (Sullivan et al., 2004;Jarrett et al., 2008).
Suggesting that ketogenic diets might act to reduce mitochondrial-mediated oxidative stress.
There is still a lot of controversy regarding the safety and efficacy of this dietary option (Garone

and Viscomi, 2018;Kuszak et al., 2018).

Other compounds in use are antioxidants such as CoQ10 and its derivatives idebenone,

and EPI-743. Idebenone is taken up more readily by the cells and has been suggested as a
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replacement for CoQ10 (Kwong et al., 2002). Although idebenone has been used mainly as a
treatment for Leber’s hereditary optic neuropathy (LHON), it is now being tested as a treatment
option for LS (Haginoya et al., 2009;Carelli et al., 2011;Barboni et al., 2013). EPI-743 has also
shown some promise in reversing LS in patients with different mtDNA mutations, however, its
efficiency is still being evaluated (Gerards et al., 2016). Recently, cell permeants ETC
substrates have gained attention as therapeutic agents for mitochondrial diseases.
Supplementation with the cell-permeable dimethyl ketoglutarate (DMKG) extended life and
delayed onset of neurological phenotype in an Ndufs4-KO mouse model of LS (Lee et al.,
2019a). Cell permeate succinate prodrugs have also shown promise in alleviating disease in
cellular models of mitochondrial disorders with complex | deficiency (Ehinger et al.,
2016;Janowska et al., 2020;Piel et al., 2020). These substrates work by increasing TCA cycle
intermediates and providing alternative substrate sources for the mitochondria. Many of the
pharmacological agents mentioned in this section are still in pre-clinical and clinical trials, some
of them have shown conflicting results in these trials (Garone and Viscomi, 2018). Therefore, a
more extensive study needs to be performed to determine the efficacy and safety of these

therapeutic agents.

2.6.4. Hypoxia

During aerobic respiration, oxygen acts as the final electron acceptor in the ETC, in a
reaction that results in its reduction to water. In excess, oxygen can also result in the formation
of reactive oxygen species (ROS) and other radicals that can damage proteins, nucleic acids,
phospholipids, and other molecular species (Viscomi and Zeviani, 2019). Physiologic levels of
ROS act as signaling molecules to regulate key mitochondrial functions (Butow and Avadhani,
2004). However, too much ROS can be detrimental to cells as previously highlighted. It is for
this reason that cells have devised ways of neutralizing the debilitating effects of ROS and other

free radicals with ROS scavengers and antioxidants. Mitochondrial disorders are problematic
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because they cause defects in mitochondrial ETC, compromising the efficient utilization of
oxygen and electron transport. This could result in electron leakage and further result in the
production of ROS and other free radicals (Viscomi and Zeviani, 2019). It is this understanding
that has led to the use of antioxidants as therapeutic agents for mitochondrial disorders.
However, reducing oxygen below a certain threshold, as in the case of hypoxia can be
detrimental to cellular respiration as well. This is why the use of hypoxia as therapy might seem

counterintuitive as a treatment for diseases wherein ETC activities are already compromised.

The use of hypoxia as a therapy for mitochondrial disorders became popular when
CRISPR/Cas9 screening identified the Von Hippel-Lindau (VHL) factor as the most effective
suppressor of antimycin-induced mitochondrial dysfunction (Jain et al., 2016). VHL is a ubiquitin
ligase that targets hypoxia-induced transcription factors (HIFs) for degradation (Garone and
Viscomi, 2018;Viscomi and Zeviani, 2019). However, hypoxia stabilizes HIF and results in the
activation of hypoxia response. In a 30day exposure to chronic hypoxic conditions (11% O5)
Ndufs4 KO mice showed drastic improvement in lifespan and delay in clinical progression of LS.
When mice with the same KO mutation were exposed to hyperoxic conditions (50% Oy), their
conditions worsened. Further, when exposed to intermediate levels of hypoxia (17%), there was
no beneficial effect seen in the Ndufs4 KO mice (Jain et al., 2016). Interestingly, transcriptional
activation of HIF in Ndufs4 KO mice did not result in the same beneficial effects observed under
hypoxic conditions in the previous study (Jain et al., 2019). In the study, the researchers
suggest that interventions to reduce brain oxygen levels are effective at preventing neurological
disease in mouse models. One of the biggest challenges with the hypoxia treatment is that most
studies have only been performed in the Ndufs4 KO mouse models (Jain et al., 2016;Ferrari et
al., 2017;Grange et al., 2021). Studies on models with other mutations involved in LS will
provide more insight into the efficacy of this therapy. Furthermore, the mechanism behind the

observed response to hypoxia is still unclear and more studies need to be done to explore this
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(Garone and Viscomi, 2018;Viscomi and Zeviani, 2019). Finally, the methods that have been
proposed in this study to lower pO; are unlikely to be transferred for use in patients that are

already severely sick (Jain et al., 2019).

2.7. Conclusion

While advances in mitochondrial genetics and structural analysis coupled with sequencing
have furthered our understanding of LS, observations that bioenergetic defects might not be the
sole explanation for the pathology observed in LS merits further investigation (Kucharczyk et al.,
2009b). Another unanswered question stems from the role of assembly/accessory factors in
disease pathology. As discussed earlier, novel pathogenic roles for assembly and biogenesis
factors of the ETC are being reported. Although previous studies largely focused on mutations
affecting structural subunits of the ETC, we are now starting to observe that more than just the
structural unit, the assembly factors, also play key roles in regulating bioenergetics of the cell
(D'Aurelio et al., 2010;Pitceathly et al., 2013). Future studies thus need to be performed to
understand the roles of the accessory subunits of each of the various complexes of the ETC. In
addition, future research also needs to focus on mtDNA segregation in tissues, due to genetic
drift in mtDNA segregation, and observations show that this drift is tissue-specific. Therefore, a
better understanding of this issue could potentially provide a better understanding of the
genotype-phenotype variability associated with LS and other mitochondrial diseases. Finally, the
mitochondria are dynamic organelles that constantly undergo rounds of fission and fusion to
maintain a healthy pool and sustain energy production. There is thus significant interest in
understanding how the dynamic nature of this organelle contributes to health and disease. As
outlined above, there is still much to learn about the mitochondria, as new tools and technology
continue to develop, and our understanding is further enhanced. hiPSC technology is a novel
tool that would allow us to bypass the paucity of human samples and provide the amount of

material required to aid with studies on mitochondria. Furthermore, in combination with various
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gene-editing tools, hiPSC technology could potentially open doors for new drug discovery and
therapeutic approaches that could invariably lead to the discovery of treatments for patients with

LS.
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Chapter 2

3. Quantifying mitochondrial dynamics in patient fibroblasts with multiple

developmental defects and mitochondrial disorders

Bakare, A.B., Daniel, J., Stabach, J., Rojas, A., Bell, A., Henry, B., lyer, S.

3.1. Abstract:

Mitochondria are dynamic organelles that undergo rounds of fission and fusion and exhibit a
wide range of morphologies that contribute to the regulation of different signaling pathways and
various cellular functions. It is important to understand the differences between mitochondrial
structure in health and disease so that therapies can be developed to maintain the homeostatic
balance of mitochondrial dynamics. Mitochondrial disorders are multi-systemic and
characterized by complex and variable clinical pathologies. The dynamics of mitochondria in
mitochondrial disorders are thus worthy of investigation. Therefore, in this study, we performed
a comprehensive analysis of mitochondrial dynamics in five patient-derived fibroblasts
containing different pathogenic mitochondrial DNA mutations associated with Leigh syndrome.
Our results suggest that the most predominant morphological signature for mitochondria in the
diseased state is fragmentation; with four out of the five cell lines exhibiting characteristics
consistent with fragmented mitochondria. To our knowledge, this is the first comprehensive
study that quantifies mitochondrial dynamics in cell lines with a wide array of developmental and
mitochondrial disorders. A more thorough analysis of the correlations between mitochondrial
dynamics, mitochondrial genome perturbations, and bioenergetic dysfunction will aid in

identifying unique morphological signatures of various mitochondrial disorders in the future.
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3.2. Introduction

Mitochondria are highly dynamic organelles responsible for a host of cellular functions, which
include regulation of oxidative metabolism, control of apoptosis, and generation of signaling
metabolites, with the production of adenosine triphosphate (ATP) being the most prominent of
functions (Sprenger and Langer, 2019). In live cells, work has shown that ATP production is
regulated by remodeling of the mitochondria (McCarron et al.,, 2013). In healthy cells,
mitochondrial structure differs from cell-to-cell, with the difference in morphology dictated by the
function of the specific cell (McCarron et al., 2013). Mitochondria undergo rounds of fission and
fusion to replenish the content of the organelle and to maintain structural integrity to continue to
perform their function (Picard et al., 2013;Ni et al., 2015). Alterations in mitochondrial morphology
can cause bioenergetic defects, and underlie a heterogeneous group of human diseases including
myopathies (Wallace, 1999), neurodegeneration (Liu and Hajnoczky, 2009;Gao et al., 2017),
cancer (Chan, 2006), diabetes mellitus (Ogawa et al., 2003;Duchen, 2004), and a host of other
disorders (Picard et al., 2013). Owing to the involvement of mitochondrial dynamics in regulating
cellular functions, studies have focused on understanding the relationship between the
morphology and function of the mitochondria in health and disease.

Much is still unknown about the role of mitochondrial dynamics in human diseases. However,
it has been suggested that in a diseased state, mitochondrial fission and fusion may be modulated
as a compensatory mechanism to maintain the pool of healthy mitochondria within cells (Yoneda
et al., 1994;Nakada et al., 2001;Rolland et al., 2013;Ni et al., 2015). Mitochondrial fusion allows
for replenishment of depleted cellular resources such as lipids, and proteins between organelles,
while fission generates new organelles and is involved in mitochondrial quality control (Youle and
van der Bliek, 2012). While there have been reports implicating mitochondrial dynamics in

neurodegenerative disorders and cardiovascular diseases (Trimmer et al., 2000;Hoppel et al.,
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2009), not much is known about the involvement of mitochondrial dynamics in mitochondrial
disorders that result from perturbations in the mitochondrial genome.

In this study, we used the mitochondrial network morphology analysis (MiNA) tool (Valente
et al., 2017), an Image J macros to analyze the mitochondrial structure of fluorescently labeled
human fibroblast cell lines. Live-cells stained with Mitotracker Red CM-H2Xros (MTR), a dye that
localizes in actively respiring mitochondria, were analyzed to quantify mitochondrial morphology
in health and disease. We analyzed one control healthy fibroblast and five diseased fibroblast
cell lines carrying various mitochondrial DNA (mtDNA) mutations. The diseased cell lines carry
some of the most prevalent mutations involved in Leigh syndrome (LS). We analyzed
mitochondrial morphologies in these cell lines under coupled and uncoupled respiration
conditions, wherein trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP) —a
mitochondrial uncoupler was used to induce maximal respiration. FCCP treatment promotes
mitochondrial depolarization, subsequently resulting in the fragmentation of mitochondrial
networks (Liesa and Shirihai, 2013). Our results suggest that mitochondria from diseased
fibroblast cells exhibit various remodeling of their mitochondria to regulate bioenergetic
efficiency and energy expenditure, with the most prevalent morphological adaptation being
fragmentation in the diseased cell lines. Furthermore, we noticed that the diseased cell lines
tend to have fewer actively respiring mitochondria, suggesting reduced mitochondrial mass in
the diseased state. Treatment with FCCP resulted in fragmentation in both healthy and
diseased cell lines. By observing mitochondrial morphology in the presence and absence of
FCCP, our work provides a better understanding of how healthy and diseased cells adapt to
changes in ATP demand and supply. To our knowledge, this is the first comprehensive study
that quantifies mitochondrial dynamics of cell lines with a wide array of developmental and
mitochondrial disorders. These results could give us a broader view on how mitochondrial
genome perturbations in the form of various point mutations could contribute to altered

mitochondrial dynamics and lead to bioenergetic dysfunction in mitochondrial disorders.
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3.3. Results

3.3.1. Clinical information and cell line characteristics

The patient fibroblast cell lines were obtained from five different patients with varying
developmental and mitochondrial disorders. Three of the patient cell lines carry point mutations
in the MTATP®6 subunits (SBG1, SGB2: T8993G, SBG3: T9185C) of complex V (ATP synthase).
Two of the patient cell lines have mtDNA mutations affecting the MTND3 (SBG4-FB: T10158C)
and MTND5 (SBG5-FB: T12706C) subunits of complex | of the electron transport chain. These
mutations affecting complex | and V have been implicated in Leigh syndrome (LS) (Taylor et al.,
2002;McFarland et al., 2004;Baracca et al., 2007;lyer et al., 2009;Piekutowska-Abramczuk et
al., 2018). LS is a classic mitochondrial disorder that affects mental and motor activity, where
disease severity and developmental defects are tied to specific mutations and mutant load
(Leigh, 1951;Loeffen et al., 2000;lyer et al., 2009). The healthy control fibroblast cell line BJ was
obtained from the American Type Culture Collection (Manassas, VA, USA). All patient fibroblast
cell lines were obtained under approved IRB protocols at the source. We cultured all fibroblast
cell lines at passage 8, to minimize variability in our analysis. In general, we observed
differences in cellular proliferation rates with the healthy control BJ fibroblasts exhibiting a ~45
hours doubling time, while the diseased lines exhibited a significantly longer (range of 50-100
hours) doubling time (supplementary figure 7.1.). The significantly longer doubling time could
be attributed to the presence of the mtDNA mutations that also correlate with reduced

bioenergetics.

3.3.2. Descriptors of mitochondrial morphology

Understanding mitochondrial morphology is important in determining the health status of the
cell with descriptors such as tubular, fragmented, and hyperfused (Tilokani et al., 2018) often

used to characterize mitochondrial morphology. These descriptors are important in identifying
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different mitochondrial morphologies in healthy and diseased cells and are also invaluable in
making predictions on mitochondrial dynamics as it relates to cellular health. In our study, we
have used the Mitochondrial Network Analysis (MiNA) toolset, a relatively simple pair of macros
making use of existing ImageJ plug-ins, allowing for semi-automated analysis of mitochondrial
morphologies in cultured mammalian cells (Valente et al., 2017). MiNA combines rods,
punctate, and large/round-shaped morphology in a group as Individuals, while branched
morphologies are categorized as networks (Figure 3.3.2.). Previous studies have indicated
fragmented mitochondria to be the predominant morphology observed in mitochondrial
dysfunctions (Kiryu-Seo et al., 2016;Zemirli et al., 2018), while fused mitochondria are
associated with cell survival mechanisms (Rambold et al., 2011;Wai and Langer, 2016). It is
therefore imperative that we identify these different morphologies to further delineate their

contributions to cellular health and disease, in the context of mitochondrial disorders.
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Figure 3.3.2. Mitochondrial morphology descriptors. The mitochondria morphology is
classified as Individuals or Networks. Individuals consist of structures without a junction pixel
while networks contain branches with one or more junction pixels.

3.3.3. Healthy fibroblast cell lines undergo mitochondrial fission when substrate is

abundant

Mitochondrial morphology in fibroblast cell lines was determined with the aid of live-cell
fluorescent microscopy. To streamline our procedures, we first analyzed with healthy BJ
fibroblasts which are expected to exhibit various morphologies balanced between network and
fragmented mitochondria (Figure 3.3.3.a). In addition, we also treated the fibroblasts with FCCP
to promote mitochondrial fragmentation. When the mitochondria undergo fission, fragmentation
of networks occurs. Conversely, mitochondrial fusion results in the formation of larger networks
of mitochondria. The predictions for changes to be observed in mitochondrial morphology during

fission and fusion events are detailed in Table 3.3.3. We predicted that healthy cells should be
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able to rapidly remodel their mitochondria to maintain energy homeostasis. This is evident by an
increase in the number of individuals, and networked mitochondria (Table 3.3.3.), and a
subsequent decrease in the mean branch lengths and network size. Our results support this
prediction, as we recorded a 45% and 32% increase in the number of individuals and number of
networks (Figure 3.3.3.b). Total respiring mitochondria, which is the sum of individual and
networked mitochondria also increased by 46% in the FCCP treatment group. Although not
statistically significant, mean branch length, and mean network size with FCCP treatment were
7% and 5% lower respectively. Using the MiNA macros, we were able to faithfully observe the

dynamic nature of mitochondria in BJ healthy fibroblast cell lines.

Table 3.3.3. Mitochondrial morphology predictions with MiNA descriptors. Mitochondrial
fission and fusion cause changes to mitochondrial morphology. The most predominant process
dictates mitochondrial morphology and can provide an insight into mitochondrial health.

Mitochondrial hology/ MiNA Number of M B h .
trochiondria m(.)rp ologyl Vit . ufn' ero Number of networks ean branc Mean Network Size
descriptors individuals Length
Fission Increase Increase! Decrease Decrease
Fusion Decrease Decrease?/ Increase? Increase Increase

1Smaller networks; 2Larger networks form; 3Individuals form networks
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Figure 3.3.3. Mitochondrial morphology of healthy BJ FB in the absence and presence of
FCCP. a) Representative images of fibroblast cell lines stained with Mitotracker Red CM-
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H2Xros (MTR), a dye that localizes to actively respiring mitochondria. The top images are phase

contrast, RFP, and skeletonized images of healthy control cell lines without FCCP treatment.
The bottom images are phase contrast, RFP, and skeletonized images of healthy control cell

lines with FCCP treatment. b) MiNA descriptors showing differences in mitochondrial

morphology in untreated and FCCP treated groups. FCCP treatment resulted in mitochondrial
fission and resulted in a significant increase in the number of individuals, networks, and total
respiring mitochondria. The mean branch length and mean network size are lower after FCCP
treatment, albeit not statistically significant. All data are representative of 10-14 images taken
from five independent dishes per treatment group. The bars represent minimum and maximal
values, and each black dot represents different data points. ****p<0.0001. Scale bar = 100 ym.
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3.3.4. Fibroblasts with T8993G, T9185C mutations in MTATP6 gene impacting complex V

have smaller, fragmented mitochondria

Having confirmed that the MiNA toolset would detect changes in mitochondrial dynamics in
healthy control BJ fibroblasts, we proceeded to analyze differences between healthy control and
diseased cell lines carrying mutations in subunits of the Complex V-ATP synthase. We analyzed
three patient fibroblast cell lines (SBG1, SBG2: T8993G; SBG3: T9185C) carrying mutations
that are most prevalent in patients with LS (Castagna et al., 2007;Debray et al., 2007). We
analyzed mitochondrial morphology in the diseased fibroblasts under basal conditions and after
FCCP treatment. Although not statistically significant, SBG1 (T8993G) cell lines had slightly
more fragmented mitochondria than the healthy control (Figure 3.3.4.1.a). This is evident by the
4% and 1% increase in both the number of individuals and networks and the subsequent
decrease in mean branch length and mean network size (Figure 3.3.4.1.b). However, the
SBG2-FB (T8993G) cell line with the same mutation had a different mitochondrial profile
(Figure 3.3.4.2.a-b). Both SBG2-FB (T8993G) and SBG3-FB (T9185C) (Figure 3.3.4.3.a-b)
had total respiring mitochondria counts that were lower than those of the control BJ-FB
suggesting fewer actively respiring mitochondria. Although there was a trend towards less
individual and networked mitochondria in SBG2-FB (T8993G) and SBG3-FB (T9185C) relative
to the control fibroblasts, all diseased lines had lower mean branch length and mean network
size, supporting the presence of more fragmented morphology in the diseased fibroblasts.
Treatment with FCCP resulted in fragmentation in both SBG1-FB (T8993G) and SBG3-FB
(T9185C); with both of these cell lines following the same trend as seen in the healthy control
BJ-FB. However, SBG2-FB (T8993G) was not as responsive to FCCP treatment; and there was
no marked increase in either number of individual or networked mitochondria ((Figure
3.3.4.2.b). Furthermore, the mean branch length and mean network size exhibited similar

values between the untreated and FCCP treatment groups. Together these results indicate that



the presence of the same mutations could result in different compensatory responses by the

mitochondria and variable bioenergetic demand within the fibroblasts could result in different

mitochondrial dynamics.
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Figure 3.3.4.1. Mitochondrial morphology of SBG1-FB (T8993G) in the absence and
presence of FCCP. a) Representative images of SBG1-FB (T8993G) cell lines stained with
MTR. The top images are phase contrast, RFP, and skeletonized images of SBG1-FB (T8993G)
without FCCP treatment. The bottom images are phase contrast, RFP, and skeletonized images
of SBG1-FB with FCCP treatment. b) Although SBG1-FB (T8993G) cell lines have a
comparable number of individual and networked mitochondria to control, the mitochondria in
these lines are smaller. This is evident in the significant decrease in mean branch length and
mean network size relative to control under basal conditions, without FCCP treatment.
Treatment with FCCP resulted in mitochondrial fission, with SBG1-FB (T8993G) showing similar
response to FCCP like the healthy control. All data are representative of 10-14 images taken
from three independent dishes per treatment group. The bars represent minimum and maximal

values, and each black dot represents different data points. ****p<0.0001, **p<0.01, *p<0.05.
Scale bar = 100 pm.
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Figure 3.3.4.2. Mitochondrial morphology of SBG2-FB (T8993G) in the absence and
presence of FCCP. a) Representative images of SBG2-FB (T8993G) fibroblast cell lines
stained with MTR. The top images are phase contrast, RFP, and skeletonized images of SBG2-
FB (T8993G) without FCCP treatment. The bottom images are phase contrast, RFP, and
skeletonized images of SBG2-FB (T8993G) with FCCP treatment. b) SBG2-FB (T8993G) have
a slightly lower number of individual and networked mitochondria compared to control BJ-FB.
The significantly lower mean branch length relative to control fibroblasts under basal conditions
further suggests fragmentation. SBG2-FB (T8993G) are not responsive to FCCP treatment. All
data are representative of 10-14 images taken from three independent dishes per treatment
group. The bars represent minimum and maximal values, and each black dot represents
different data points. ****p<0.0001, ***p<0.001, *p<0.05. Scale bar = 100 pum.
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Figure 3.3.4.3. Mitochondrial morphology of SBG3-FB (T9185C) in the absence and
presence of FCCP. a) Representative images of SBG3-FB (T9185C) stained with MTR. The
top images are phase contrast, RFP, and skeletonized images of SBG3-FB (T9185C) without
FCCP treatment. The bottom images are phase contrast, RFP, and skeletonized images of
SBG3-FB (T9185C) with FCCP treatment. b) While the number of individuals in SBG3-FB
(T9185C) is comparable to the healthy control BJ-FB, the number of networks is significantly
lower. This shows that SBG3-FB (T9185C) have fewer networks, with significantly lower mean
branch length further suggesting that the networks have smaller branches. Together, this
demonstrates a more fragmented morphology in SBG3-FB (T9185C) with FCCP treatment
resulting in more fragmentation as expected. All data are representative of 10-14 images taken
from three independent dishes per treatment group. The bars represent minimum and maximal
values, and each black dot represents different data points. ****p<0.0001, **p<0.01, *p<0.05.
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3.3.5. Fibroblasts with T12706C mutation in the MTND5 gene exhibit hyperfused

mitochondria

We next wanted to determine how mutations in other complexes that impact mitochondrial
function affect mitochondrial morphology. We assessed this using two patient fibroblast cell
lines with mutations affecting subunits of complex | of the electron transport chain. The SBG4-
FB (T10158C) cell line has the T10158C point mutation while the SBG5-FB (T12706C) has the
T12706C point mutation affecting MTND3 and MTND5 subunits respectively. On average both
SBG4-FB (T10158C) and SBG5-FB (T12706C) trended towards having fewer actively respiring
mitochondria than the healthy control BJ-FB, as evidenced by the relatively lower total respiring
mitochondria (Figure 3.3.5.1. & 3.3.5.2). This difference is more pronounced in the SBG5-FB
(T12706C), which has a 37% decrease compared to the 9% decrease recorded for SBG4-FB
(T10158C). As expected, FCCP treatment resulted in fragmented mitochondria in the SBG4-FB
(T10158C) (Figure 3.3.5.1.b). The SBG5-FB (T12706C) exhibit a hyperfused morphology
(Figure 3.3.5.2.b), under basal conditions with significantly elevated (p<0.0001) mean branch
length and mean network size compared to healthy control BJ fibroblasts. FCCP treatment
reversed this phenotype, with mean branch length and mean network size within the SBG5-FB
(T12706C) group decreased by 21% and 14% respectively after FCCP treatment. This is
consistent with mitochondria fragmentation by FCCP, breaking down the larger networks of
mitochondria in this cell line. Unlike what we observed with the SBG1-FB (T8993G), SBG2-FB
(T8993G), SBG3-FB (T9185C) (with mutations impacting Complex V), SBG4-FB (T10158C) &
SBG5-FB (T12706C) (with mutations impacting Complex 1) appear to exhibit different
morphologies. These differences could be attributed to the location of the subunits affected by
each mutation. The mutation in SBG5-FB (T12706C) may affect the function of the mitochondria
more than that of SBG4-FB (T10158C), requiring remodeling of the mitochondria to maintain

optimal function of the respiratory chain.
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Figure 3.3.5.1. Mitochondrial morphology of SBG4-FB (T10158C) in the absence and
presence of FCCP. a) Representative images of SBG4-FB (T10158C) cell lines stained with
MTR. The top images are phase contrast, RFP, and skeletonized images of SBG4-FB
(T10158C) without FCCP treatment. The bottom images are phase contrast, RFP, and
skeletonized images of SBG4-FB (T10158C) with FCCP treatment. b) Aside from having fewer
networks, SBG4-FB (T10158C) are not significantly different from the control BJ-FB. However,
they are also responsive to FCCP treatment like the healthy control BJ fibroblasts. All data are
representative of 10-14 images taken from three independent dishes per treatment group. The

bars represent minimum and maximal values, and each black dot represents different data
points. ****p<0.0001, **p<0.01, *p<0.05. Scale bar = 100 ym.
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Figure 3.3.5.2. Mitochondrial morphology of SBG5-FB (T12706C) in the absence and
presence of FCCP. a) Representative images of SBG5-FB (T12706C) cell lines stained with
MTR. The top images are phase contrast, RFP, and skeletonized images of SBG5-FB
(T12706C) without FCCP treatment. The bottom images are phase contrast, RFP, and
skeletonized images of SBG5-FB (T12706C) with FCCP treatment. b) The amount of actively
respiring mitochondria in SBG5-FB (T12706C) is lower than those of the healthy control BJ-FB.
The significantly lower number of individuals, network, and total respiring mitochondria in the
SBG5-FB (T12706C) support this observation. The SBG5-FB (T12706C) also have hyperfused
mitochondria, as they have longer branches and more branches within their networks. All data
are representative of 10-14 images taken from three independent dishes per treatment group.
The bars represent minimum and maximal values, and each black dot represents different data
points. ***p<0.0001, **p<0.001, **p<0.01, *p<0.05. Scale bar = 100 ym.
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3.3.6. Mitochondrial membrane potential was decreased in all LS fibroblasts

To investigate how the changes in mitochondrial dynamics affect mitochondrial function, we
recorded mitochondrial membrane potential (MMP) in the diseased and healthy control
fibroblast cell lines. We hypothesized that MMP would be perturbed in the diseased cell lines by
different mechanisms. MMP generated by proton pumps at complexes I, lll, and IV is an
essential component in the process of energy storage (Mitchell, 1966;Zorova et al., 2018). Flow
cytometry methods have been used to measure MMP with tetramethylrhodamine, ethyl ester
(TMRE) in live cells with no quenching effect (Scaduto and Grotyohann, 1999). TMRE is a
positively charged dye that is attracted to the negative potential across the inner mitochondrial
membrane and thus accumulates in functionally active mitochondria in live cells (Cottet-
Rousselle et al., 2011). As active mitochondria maintain a net negative charge in the matrix,
TMRE is sequestered in the matrix of these mitochondria. Depolarized or inactive mitochondria
are not able to sequester TMRE as the MMP is compromised in these mitochondria. In our
study, MMP was measured as mean fluorescent intensity (MFI) in all cell lines. Results indicate
a significant (p<0.0001) decrease in MMP by 83% in SBG1-FB (T8993G), 74.13% in SBG2-FB
(T8993G), 99.23% in SBG3-FB (T9185C), 80.47% in SBG4-FB (T10158C), 84.92% in SBG5-FB
(T12706C) compared to healthy control BJ-FB cells (Figure 3.3.6.a&c). Although the uncoupler,
cyanide p-trifluoromethoxyphenylhydrazone (FCCP) decreased the MMP significantly for most
of the diseased cell lines relative to control BJ-FB (p<0.05), SBG2-FB (T8993G) was not

significantly different from the healthy control BJ-FB (Figure 3.3.6.b,d).
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Figure 3.3.6 Mitochondrial membrane potential (MMP) analysis of BJ-FB and LS
fibroblast cell lines. Using flow cytometry, along with membrane-potential sensitive dye
(TMRE), MMP was evaluated. Representative flow cytometry histogram of five fibroblasts
(SBG1-5 and Control BJ) (a) stained with TMRE only (b) stained with TMRE after treatment with
FCCP. Mean fluorescence intensity (MFI) was calculated based on three independent runs and
are shown for (Control BJ-FB in grey; SBG1-FB (MTATP6-T8993G), SBG2-FB (MTATP6-
T8993G), SBG3-FB (MTATP6-T9185C) in red; SBG4-FB (MTND3-T10158C), and SBG5-FB
(MTND5-T12706C) in blue) all samples (c) stained with TMRE only (d) stained with TMRE after
treatment with FCCP. ** p<0.01, ****p<0.00001.
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3.4. Discussion

Mitochondria are a dynamic organelle that performs a plethora of cellular processes including
ATP production, regulation of ions, apoptosis, and cellular signaling; processes that depend on
tight regulation of mitochondrial shapes and ultrastructure (Gomes et al., 2011;Sprenger and
Langer, 2019). Recent studies are providing evidence that highlights the importance of
mitochondrial dynamics in various diseases (Chan, 2006;Hoppel et al., 2009;Gao et al.,
2017;Harwig et al., 2018). Additionally, studies have demonstrated the mitochondria’s ability to
display various net morphologies, depending on the cell type and/or metabolic state (Willems et
al., 2015). Under physiological conditions, a balance between fission and fusion helps facilitate
normal mitochondrial function (Figure 3.4.). However, in a diseased/stressed state, our findings
indicate that the mitochondrial dynamics can be predisposed to an overt fission or fusion rate,
depending upon the mitochondrial mutation. Under these conditions, the mitochondria response
that upregulates fission or fusion mechanisms results in a fragmented or hyperfused morphology
respectively (Figure 3.4.). In a fragmented state, mitochondria are more spherical, rounded
individuals, while hyperfused mitochondria morph into large networks (Figure 3.4.). The degree
to which mitochondria in a cell undergo such alterations could vary depending on various factors.
Therefore, understanding the role of mitochondrial dynamics in various mitochondrial disorders
could be instrumental in filling the knowledge gap that exists in the context of the relationship
between mtDNA mutations/deletions and mitochondrial morphology.

Previous studies have focused on mitochondrial dynamics in various diseases (Koopman et
al., 2005;Hoppel et al., 2009;Willems et al., 2015;Valente et al., 2017;Tokuyama et al., 2020) and
have provided key insights on its importance in the context of understanding changes that occur
during pathological states. However, this is the first study that provides a comprehensive view of
mitochondrial morphology and dynamics across different mitochondrial disorders based on an

analysis of five fibroblasts derived from patients diagnosed with LS. To ensure that the MiNA tool
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that quantifies mitochondrial morphology based on networked and unbranched mitochondria
(Valente et al., 2017) was effective in our analysis, we treated healthy control cell lines with FCCP.
FCCP is an uncoupler that stimulates maximal respiratory capacity and stresses the mitochondria,
consequently causing mitochondrial network fragmentation (Legros et al., 2002;Liesa and
Shirihai, 2013). Treatment of the control fibroblast cell lines with FCCP resulted in a significant
increase in the number of individuals, and networks (Figure 3.3.3.b). This increase coupled with
a 7% and 5% decrease in mean branch length and mean network size respectively confirms
mitochondrial fragmentation induced by FCCP. Total respiring mitochondria, the sum of the
number of individuals and networks also increased significantly; a result that is consistent with
previous studies that have suggested that fragmentation is advantageous for uncoupled
respiration (Goyal et al., 2007;Liesa and Shirihai, 2013).

After confirming that MINA is sensitive and can be used to characterize mitochondrial
morphology, we used it to quantify the morphology of the diseased fibroblast cell lines containing
specific mutations. Across all five cell lines with different mitochondrial disorders, three have the
same mitochondrial morphology profile when compared to the healthy BJ control fibroblast (Table
3.4.). In these cell lines (SBG2-FB (T8993G), SBG3-FB (T9185C), and SBG4-FB (T10158C)), there
is a trend towards smaller fragmented mitochondria, with a relatively lower number of individuals,
networks, mean branch length, mean network size, and total respiring mitochondria. The shorter
branch length and fewer network branches suggest that the networks of mitochondria in these
cell lines are smaller than observed in the healthy control BJ fibroblasts. Even in the other
fibroblast cell line (SBG1-FB (T8993G)) that have slightly different profiles, we still observe a
significant decrease in the mean branch length. These results suggest that the fibroblasts that
contain specific mtDNA mutations exhibit mitochondrial fragmentation, with only SBG5-FB
(T12706C) fibroblast cell lines deviating from this morphology profile. In the SBG5-FB (T12706C)
cell lines, the mean branch length and mean network size are significantly greater than the healthy

control with the potential for MTND5 mutation in this cell line favoring mitochondrial fusion.
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Therefore, we surmise that the SBG5-FB (T12706C) cell lines exhibit an extreme form of fusion,
with SBG5-FB (T12706C) cell lines exhibiting hyperfused morphology.

When the cell lines were treated with FCCP, we noted that some of the diseased cell lines
exhibited the same response to FCCP as the healthy control cell lines, while others did not. This
is in line with our observations of basal and maximal respiration values based on oxygen
consumption rate (OCR) measurements using a Seahorse Flux Analyzer. The basal respiration
values were significantly reduced for 4 out of the 5 fibroblasts, while only SBG1-FB (T8993G)
exhibited a slight increase when compared with healthy control BJ-FB. Upon addition of FCCP,
the maximal respiration values were significantly increased for 3 of the fibroblasts (SBG1-FB
(T8993G), SBG3-FB (T9185C), and SBG4-FB (T10158C)), reduced for SBG2-FB (T8993G), and
SBG5-FB (T12706C) exhibited no change when compared with healthy control BJ-FB. These
results indicate the presence of differential respiration rates based on specific mtDNA mutations
and deletions in the different disease fibroblasts. (Bakare and lyer, Personal communication). A
common view of mitochondrial disorders harboring mtDNA mutations is that there is a direct
correlation between disease severity and outcomes to the degree of heteroplasmy. Based on
comprehensive next-generation sequencing analysis, we have observed varying heteroplasmy
levels (between 25-95%) in the different fibroblasts, consistent with a recent study that noted that
the phenotypic spectrum of mitochondrial disorders did not directly correlate with the degree of
mutation heteroplasmy (Stendel et al., 2020).

Our findings support previous results where fragmented mitochondria are the predominant
morphology in the diseased state (Liu and Hajnoczky, 2011;Wu et al., 2011;Srinivasan et al.,
2017;Tokuyama et al., 2020). In addition, the mitochondrial functional analysis based on
mitochondrial membrane potential (MMP) measurements demonstrates the differences that exist
between diseased and healthy states. This is in line with numerous studies that have
demonstrated that changes in MMP and mitochondrial morphological alterations often occur in

parallel (Mortiboys et al., 2008;lannetti et al., 2015;Esteras et al., 2020). Our study for the first
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time has characterized mitochondrial morphology across five different patient cell lines with
varying mitochondrial disorders. Our results describe a strong relationship between mtDNA
genome perturbations and alterations in mitochondrial morphology in these patient fibroblast cell
lines. While analysis using MiNA was able to provide us with the necessary information required
for this comprehensive comparative study, there are still some limitations to this tool. For example,
MINA groups round, punctate, and rods together as individuals. It would be beneficial to
distinguish between fragmentations that result in the formation of more round, punctate
mitochondria as opposed to rods, as this would help with better delineation of the mitochondrial
dynamics in diseased cell lines. In addition, comparative analysis has been conducted with one
healthy control fibroblast (BJ-FB) cell line. Its use in these studies was based on its neonatal origin
and used in the context of comparing with disease fibroblasts related to ‘pediatric’ mitochondrial
disorders. Future studies will be conducted with multiple control fibroblasts that will allow us to
address gender and age as well as allow comparison of mitochondrial dynamics across the
lifespan. Nevertheless, this quantitative analysis allowed us to identify differences in mitochondrial
dynamics in fibroblasts that exhibit candidate mtDNA mutations. In the long-term, we hope that a
thorough evaluation of mitochondrial dynamics along with correlations with bioenergetic and
genetic analyses will aid in identifying the ‘signature’ of complex mitochondrial disorders and
contribute to the development of effective therapies.

Table 3.4. Mitochondrial morphology summary for fibroblast cell lines. Comparison of
mitochondrial morphology of diseased and healthy fibroblast cell lines under basal conditions.
This result suggests that diseased cell lines tend to have fewer respiring mitochondria with small
branches and fragmented networks. In some cases, however, as seen in SBG5-FB (T12706C),
hyperfusion serves as a compensatory mechanism. * is used to signify data that is statistically
significant.

Corting  MuonDeeion | Junl | Mol e b etwork - Tol et
SBG1 | MTATP6 (8993T>G) N % ¥ 3 %
SBG2 MTATP6 (8993T>G) ¥ '] ¥ '] ']
SBG3 MTATP6 (9185T>C) 'l ! I I ' I '
SBG4 MTND3 -+ ¥ < ] 2 ] 2
SBG5 MTND5 ¥ ! - 1~ ¥




95

Fission Fusion Fission Fusion Fission Fusion

s BB

ee 9% %

Fragmented Tubular Filamentous Hyperfused

Nutrient starvation
Mild stress
Physiological Increased OxPhos
Decreased mitophagy
Increased biogenesis

Nutrient excess
Severe stress
Impaired OxPhos
Depolarization
Increased mitophagy

Figure 3.4. Mitochondrial morphology summary for fibroblast cell lines. Comparison of
mitochondrial morphology of diseased and healthy fibroblast cell lines under basal conditions.
This result suggests that diseased cell lines tend to have fewer respiring mitochondria with small
branches and fragmented networks. In some cases, however, as seen in SBG5-FB (T12706C),
hyperfusion serves as a compensatory mechanism.

3.5. Materials and methods

3.5.1. Fibroblast cell culture

Cultures of healthy control BJ-FB (ATCC® CRL-2522™) were obtained from ATCC (ATCC,
Manassas, VA) and the patient-derived diseased fibroblasts (SBG1-FB (T8993G), SBG2-FB
(T8993G), SBG3-FB (T9185C), SBG4-FB (T10158C), SBG5-FB (T12706C)) were obtained
from the Medical University of Salzburg, Austria. These cells were maintained in a fibroblast

expansion medium that consisted of minimal essential medium (MEM) (Thermo Fisher
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Scientific, Waltham, MA), 10% fetal bovine serum (FBS) (GE Healthcare - HyClone™, Chicago,
IL), and 2mM L-glutamine. Fibroblasts were enzymatically passaged in 0.05% Trypsin-EDTA
(Thermo Fisher Scientific). All cell cultures were maintained without the use of antibiotics,
handled in Biosafety Type Il sterile hoods regularly cleaned with UV irradiation and 70%
ethanol, and grown in 37°C incubators at 5% CO, and 95% humidity. The culture medium was
replenished every two days until cells became 80% confluent. Prior to use in experimentation,
cells were dissociated using 0.05% trypsin-EDTA (Thermo Fisher Scientific) and 20,000cells

were seeded into 35mm dishes for fluorescence labeling and image analysis.

3.5.2. Fluorescence labeling of mitochondria

To label the mitochondria, fibroblast cells were incubated with MEM NEAA basal medium
(Thermo Fisher Scientific) containing 150nM Mitotracker Red CM-H2Xros (Invitrogen) for 30mins.
In the FCCP treatment group, fibroblast cells were incubated with 0.7uM FCCP for 30 minutes
before the addition of the Mitotracker Red CM-H2Xros. At the end of the incubation period, the
cells were washed 3x times with pre-warmed Dulbecco’s phosphate-buffered saline (dPBS). The
nucleus was stained by further incubating cells with basal medium containing Nucblue Hoechst
(Invitrogen) for 15mins. Following this incubation, cells were washed several times with pre-
warmed dPBS to remove excess dye. At the end of the wash, MEM NEAA basal medium was

added to each dish prior to image acquisition.

3.5.3. Live-cell fluorescence microscopy

Fluorescence images of live cells were acquired using an EVOS FL inverted
light/epifluorescence microscope with 40X/0.65 objective and a Sony ICX445 monochrome CCD
digital camera. Red fluorescence from Mitotracker Red CM-H2Xros was measured using a 530nm
excitation and a 593nm emission filter set. Blue fluorescence from Nuncblue Hoechst was

measured using a 360nm excitation and a 447nm emission filter set. All live cells were imaged on
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35mm dishes containing phenol-red-free basal medium. Image acquisition was performed one
dish at a time with a maximum time of 30minutes between dishes. All dishes were stored in a
humidified 37°C, 5% CO; incubator until image acquisition. All images of live cells were taken on
the same day as the labeling of mitochondria. All live-cell images were exported as TIFF files for
further analysis. Ten to fourteen images were acquired per dish and three dishes were stained
per trial. Three independent trials were performed for each of the fibroblast cell lines used in the

study.

3.5.4. MINA network analysis

The images generated for the human fibroblast cell lines were pre-processed on Image-J
following steps previously outlined (Valente et al., 2017). After pre-processing, the images were
skeletonized. Post-skeletonization, images were segmented using Adobe Photoshop CC 2018.
These segmented images were opened in Image-J and the MiNA macros were used to quantify
mitochondrial morphological parameters of each segmented image. Since fibroblast cell lines
have different cellular morphologies, we normalized the parameters generated through MiNA by

the cell surface area which was also measured using Image-J.

3.5.5. Mitochondrial membrane potential measurements

In this study, all fibroblasts were maintained in culture following established protocols until
the desired passage (p8) is reached. Prior to use in flow cytometry analysis, cells were cultured
until 70-80% confluence was reached. On the day of the experiment, cells were enzymatically
detached using 0.05% Trypsin-EDTA (Thermo Fisher Scientific) and centrifuged at 400xg for 5
mins. Cells were then resuspended in basal medium, after which the desired amount of
tetramethylrhodamine, ethyl ester (TMRE- Abcam, Cambridge, MA, USA) was added (for a final
concentration of 50nM). For FCCP and Oligomycin treatment groups, 20 uM and 5 uM of FCCP

and Oligomycin were added respectively for 10 mins prior to treatment with TMRE. Cells were
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incubated with TMRE in a 37°C 5% CO2 incubator for 25 mins. At the end of the incubation
period, cells were centrifuged at 400xg for 5 mins. To wash off the excess dye, cells were
resuspended in 1x dPBS solution and centrifuged for another 5 mins. At the end of the wash,
the cells were resuspended in phenol-red free basal medium and transferred to Accuri C6 plus
flow cytometer (BD Biosciences; Franklin Lakes, NJ, USA) for data acquisition. 10,000 events
were recorded for each cell line. After data acquisition, the data were exported as FCS files and
analyzed using FlowJo v10.6.2 software. To gate for the TMRE-positive population, cells that
were not stained with TMRE were used to gate for the TMRE negative cell populations. Mean
fluorescent intensity (MFI) values, a measure of the geometric mean of TMRE positive cells was

obtained for statistical analysis.

3.5.6. Statistical analysis

To ensure scientific rigor and reproducibility, an ANOVA design accounting for 3 biological
and 10-14 images from healthy control (BJ-fibroblast) and diseased (SBG1-FB (T8993G),
SBG2-FB (T8993G), SBG3-FB (T9185C), SBG4-FB (T10158C), SBG5-FB (T12706C)) was
used to identify any differences with respect to control BJ fibroblasts. Post-hoc Tukey HSD test
was used to identify differences among specific groups. Data are presented as the mean +
standard deviation (SD) and were analyzed using the GraphPad Prism 8 program (GraphPad

Software, San Diego, CA, USA). A p<0.05 was considered significant.

3.6. Conclusions

In summary, we report the effects of specific mtDNA perturbations (mutations) on
mitochondrial dynamics in the context of specific mitochondrial disorders like LS. Our results
demonstrate that specific point mutations affecting the OXPHOS complexes and translation
machinery could upregulate fission dynamics; creating a dysfunction that favors hyper-

fragmentation of the mitochondria. Although certain mutations and cellular demand cause
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hyperfused mitochondria, our observations indicate that this is not the predominant
morphological adaptation in fibroblast cells with mitochondrial disorders. This study improves
our understanding of mitochondrial dynamics in patient fibroblasts with multiple developmental
defects and mitochondrial disorders and could lead to a better correlation of mitochondrial
dynamics, genetics, and bioenergetics, the specific role of mitochondria in patient diagnosis and

prognosis, and focused therapies to treat various mitochondrial disorders.
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Chapter 3

4. Evaluating the bioenergetics health index ratio in Leigh syndrome fibroblasts to

understand disease severity

Bakare, A.B., Dean, J., Chen, Q., Saikia, B., Thorat, V., Huang, Y, LaFramboise, T.,

Lesnefsky, E.J.,and lyer, S.

4.1. Abstract

Several pediatric mitochondrial disorders including Leigh syndrome (LS) impact
mitochondrial (mt) genetics, development, and metabolism; leading to complex pathologies and
energy failure. The extent to which pathogenic mtDNA variants regulate disease severity in LS
is currently not well understood. To better understand this relationship, we computed a glycolytic
bioenergetics health index (BHI) for measuring mitochondrial dysfunction in LS patient fibroblast
cells harboring varying percentages of pathogenic mutant mtDNA (T8993G, T9185C) exhibiting
deficiency in complex V or complex | (T10158C, T12706C). A high percentage (> 90%) of
pathogenic mtDNA in cells affecting complex V and a low percentage (< 39%) of pathogenic
mtDNA in cells affecting complex | were quantified. Levels of defective enzyme activities of the
electron transport chain correlated with the percentage of pathogenic mtDNA. Subsequent
bioenergetics assays showed cell lines relied on both OXPHOS and glycolysis for meeting
energy requirements. Results suggest that whereas the precise mechanism of LS has not been
elucidated, a multi-pronged approach taking into consideration the specific pathogenic mtDNA
variant, glycolytic BHI, and the composite BHI (average ratio of oxphos to glycolysis) can aid in

better understanding the factors influencing disease severity in LS.
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4.2. Introduction

Mitochondrial (mt) disorders represent a large group of severe genetic disorders mainly
impacting organ systems with high energy requirements (McFarland et al., 2010). These
disorders are clinically complex, often fatal, and occur at an estimated ratio of 1 in 5000 live
births (Skladal et al., 2003;Schaefer et al., 2004). Although much progress has been made
since the discovery of pathogenic mtDNA, we still do not understand whether pathogenic
mtDNA directly or indirectly influences clinical severity. Previous studies indicate that the
unorthodox genetics of a pathogenic mtDNA variant can influence clinical pathologies (Wallace
and Chalkia, 2013) because each mitochondrion contains hundreds of mtDNA existing as
mixtures of wild type and pathogenic mtDNA molecules within a single cell termed as
heteroplasmy. Heteroplasmy at both the cellular and tissue level is capable of shifting the
fraction of mutant mtDNA that is present within the daughter cells by replicative segregation

(Coller et al., 2002;Nekhaeva et al., 2002a;Nekhaeva et al., 2002b).

In addition, each cell contains a varying number of mitochondria based on the energy
requirement of the specific tissue. Key processes including adenosine triphosphate (ATP)
synthesis (Mitchell, 1961), tricarboxylic acid cycle (TCA) and fatty acid beta-oxidation (Nicholls
and Ferguson, 2013) provide cellular ATP by transporting electrons generated from the
oxidation of TCA cycle intermediates through the four-electron transport chain (ETC) subunits
coupled to the vectorial transport of protons to generate the proton motive force used by
complex V to synthesize ATP (Mitchell, 1961). During the electron transfer to molecular oxygen,
reactive oxygen species (ROS) are generated by leakage of electrons in complex | and Il
causing oxidative stress to cells (Mitchell, 1961;Murphy, 2009;Nicholls and Ferguson, 2013).
ETC defects occurring from mtDNA mutations compromise mitochondrial membrane potential

and ATP synthesis via oxidative phosphorylation, and interruption of this pathway renders cells
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and tissues vulnerable under disease and oxidative stress conditions (lyer et al., 2012;Jain et

al., 2016).

In this study, Leigh Syndrome (LS) a classic mitochondrial disorder, was selected to better
understand the relationship between disease severity and its associated pathogenic mtDNA
variants, heteroplasmy, and biochemical phenotypes reported in LS (Leigh, 1951;Holt et al.,
1990;Shoffner et al., 1992;Tatuch et al., 1992;Loeffen et al., 2000;Baertling et al., 2014;Rahman
et al., 2017;Schubert Baldo and Vilarinho, 2020). To date, the mechanisms causing LS are not
well understood. Studies have reported LS symptoms as symmetrical necrotic lesions in the
brain stem, basal ganglia, and thalamus (Lake et al., 2016). Other studies have reported lactic
acidosis, psychomotor retardation, failure to thrive, vomiting, seizures, respiratory failure, and
ultimately death; thus restricting treatment options. Many LS patients have also shown elevated
lactate in blood and cerebral spinal fluid (CSF) (Uziel et al., 1997;Moslemi et al., 2005;Debray et
al., 2007). Currently, ~100 genes have been identified as monogenic causes of LS (Lake et al.,

2016;Rahman and Rahman, 2018;Rahman, 2020).

Earlier studies demonstrated that a high percentage of pathogenic mtDNA causing complex
V deficiency contributes to maternally inherited LS (MILS) (Tatuch et al., 1992). Results pointed
out that T8993G mutation in high abundance (> 90%) in the MTATP6 gene resulted in MILS and
caused neurologic findings including seizures, respiratory dysfunction, and rapid fatality
(Schubert Baldo and Vilarinho, 2020). Recent studies in LS patients exhibiting varying levels of
heteroplasmy in pathogenic mtDNA variants in the MTATP6 gene reported hyperventilation at
the onset of the disease (Piekutowska-Abramczuk et al., 2018). Seminal studies in samples
containing pathogenic mtDNA variants causing complex | deficiency showed that clinical
symptoms were present even at low levels of heteroplasmy, with heterogeneous clinical
outcomes ranging from neonatal lactic acidosis (Kirby et al., 2004), optic neuropathy to LS

(Fassone and Rahman, 2012) in children.
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To better comprehend the clinical presentation associated with the pathogenic mtDNA
variants, heteroplasmy levels, and their biochemical defects in LS, we selected five pediatric
patient fibroblast cell lines with varying clinical presentations; from mild myopathies to severe
LS. These cell lines carried point mutations in their mtDNA at T8993G, T9185C in MTATP6
gene causing complex V deficiency and T10158C in MTND3 gene and T12706C in MTND5
gene causing complex | deficiency. A commercially available fibroblast cell line (BJ-FB) was
used as a healthy control line. In this study, we attempt to systematically connect pathogenic
mMtDNA variants and associated bioenergetic defects and propose a compaosite bioenergetic
health index ratio as a sensitive marker for assessing patient health in young children suffering

from Leigh syndrome.

4.3. Results

4.3.1. Skin fibroblasts from patients

The clinical information of the patients from whom fibroblasts were obtained is detailed in
Table 4.3.1. All of the mitochondrial disease subjects selected for this study are pediatric
patients exhibiting a range of clinical symptoms from mild myopathy to LS to severe neonatal
lactic acidosis. All patients carried inherited pathogenic point mutations in mtDNA. One subject
(SBG5-FB (T12706C)) was diagnosed with severe neonatal lactic acidosis at the time of
disease onset and had the most impaired respiration of all fibroblast lines used in this study. We
cultured six fibroblast cell lines (five LS: SBG1-FB (MTATP6-T8993G), SBG2-FB (MTATP6-
T8993G), SBG3-FB (MTATP6-T9185C), SBG4-FB (MTND3-T10158C), SBG5-FB (MTND5-
T12706C) one CTL: BJ-FB) at passage eight, to minimize variability in results. Cells from three
biological replicates from each patient line and respective control line were passaged in culture

and samples were frozen and examined at a later time point for genetic analysis.
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Table 4.3.1. Clinical information of five patient fibroblast cell lines with pathogenic
mtDNA mutations and CTL control cell line

Sample Name | Mutation Gene Clinical Information Age at Diagnosis | Sex
BJ-FB None - - M
SBG1-FB T8993G | MTATP6 Morbus Leigh 3 years F
SBG2-FB T8993G | MTATP6 | Developmental delay, abnormal gait 4 years M
SBG3-FB 79185C | MTATP6 Myopathy 23 years F
SBG4-FB T10158C | MTND3 Epilepsy, dystonic tetraparesis 9 years M
SBG5-FB T12706C | MTND5 Severe neonatal lactic acidosis 8 months F

4.3.2. High heteroplasmy was detected in disease lines affecting ATP synthase and low

heteroplasmy was detected in disease lines affecting NADH dehydrogenase

Genomic DNA from different patient and healthy control samples were extracted and mtDNA
purified and sequenced (see methods section for details). The percentage of mutant DNA was
estimated using high-throughput next-generation sequencing for whole exome, based on
approaches developed in our previous study (Grace et al., 2019) and detailed in the methods
section. The sequencing results yielded a range of total reads to be analyzed between 64 to 302
in the different cell samples. This large sample size allows confidence regarding the
percentages measured. The results indicate high heteroplasmy levels between 96% for SBG1-
FB (T8993G), 91% for SBG2-FB (T8993G), and 98% for SBG3-FB (T9185C) cell lines
containing mutations in MTATP6 gene impacting complex V. These results are consistent with
other published results on T8993G and T9185C mutations present in high abundance (>90%)
that result in MILS (Childs et al., 2007;Schubert Baldo and Vilarinho, 2020). Estimation of
heteroplasmy for pathogenic mutations in mitochondrial encoded MTND3 and MTND5 genes of
complex | indicated low levels between 30% for SBG4-FB (T10158C) and 39% for SBG5-FB
(T12706C). The low heteroplasmy level for pathogenic mutation in the MTNDS5 gene is
consistent with other results in the literature (Kirby et al., 2003). Since all samples were cultured
at passage eight, we observed a lower than expected level of heteroplasmy for T10158C

mutation in this study (Table 4.3.2.).
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Table 4.3.2. Quantification of heteroplasmy by next-generation sequencing. The extracted
mtDNA was sequenced using whole-exome sequencing methods. The sequencing results were
compiled and analyzed as detailed in the methods section. This allows us to compute
heteroplasmic variants based on the sequencing reads. Results demonstrate the presence of
pathogenic mtDNA burden in all LS fibroblast samples.

Sample Name | Mutation | Total Reads Analyzed | Normal | Variant | Percentage of Mutation
SBG1-FB T8993G 136 6 (T) 130 (G) 96%
SBG2-FB T8993G 68 6 (T) 62 (G) 91%
SBG3-FB T9185C 302 6 (T) 296 (C) 98%
SBG4-FB T10158C 64 45 (T) 19 (C) 30%
SBG5-FB T12706C 146 89 (T) | 59(C) 39%

4.3.3. Levels of defective enzyme activities of the ETC correlated with the percentage of

pathogenic mtDNA

ETC assays measure electron transport through individual components of the respiratory
chain (Chance and Williams, 1955). Since the mutations mainly impacted the activity of
Complex | and V, we conducted two main assays, one rotenone sensitive and the other
rotenone insensitive to provide measurements of the proximal portion of complex | and a
measure of the function of the entire complex (Hoppel et al., 1987). Additional assays included
complex Il (Hatefi, 1978), and complex V activity (described in the methods section) in these
cell lines. The activity of complex | was estimated in solubilized mitochondria by measuring
rotenone sensitive mitochondrial NADH dehydrogenase cytochrome c-reductase (NCR) which is
dependent on complexes I-lll and determines the electron transport from donor NADH through
complex |, ubiquinone (Q), and complex Il where cytochrome c is the electron acceptor.
Complex | activity is the rate-limiting step in this assay. The second assay (NFR) is NADH
ferricyanide reductase which measures the activity of ferricyanide, as an artificial electron
acceptor, proximal to the rotenone —sensitive site of complex I. Therefore, NFR activity was

measured to estimate the function of the NADH dehydrogenase portion of complex I.
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The results (summarized in Table 4.3.3.) for cell lines with pathogenic mtDNA variants
affecting ATP synthase indicate a statistically significant (p<0.05) increase in NFR activities for
SBG1-FB (T8993G) by 53%, and SBG3-FB (T9185C) by 58% when compared with the control
BJ-FB cell line. NFR activity showed a 36% higher trend for SBG2-FB (T8993G) cell line
compared with the control BJ-FB cell line. These results suggested a greater capacity for NADH
oxidation to NAD™ in these lines. Results for NCR showed increasing trends of 28% for SBG1-
FB (T8993G) and 31% for SBG3-FB(T9185C) lines compared to the control BJ-FB cell line. The
increases in NFR and NCR activities suggested a potential compensating effect due to
downstream defects in ATP synthase activity. Interestingly the NCR activity showed a 13%
decrease, although not significantly different in the SBG2-FB (T8993G) line carrying (T8993G)
mutation. The activities of antimycin A-sensitive decylubiquinone-cytochrome-c reductase
(complex IIl) remained indistinguishable in SBG2-FB (T8993G) and SBG3-FB (T9185C) lines
compared to the control cell line indicating that complex Il activity was not impacted. However,
in SBG1-FB line carrying (T8993G) mutation, results showed a significant reduction by ~200%
in complex Il activity compared to the control BJ-FB cell line. The activity of oligomycin-
sensitive complex V activity showed decreasing trends in all cell lines affecting ATP synthase
function. Given the low heteroplasmy percentage for pathogenic mtDNA mutations affecting
NADH dehydrogenase, results (summarized in Table 4.3.3.) for cell lines, SBG4-FB (T10158C)
& SBG5-FB (T12706C) showed decreasing trends for NFR activities; while NCR, complex I,
and oligomycin-sensitive complex V activities remained similar to the control cell line. All the
data were normalized to citrate synthase activity which was used as an indicator of

mitochondrial mass in each line.
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Table 4.3.3. Electron transport chain activity of CTL BJ-FB and five LS fibroblast cell
lines. The electron transport chain activities for NFR (proximal part of Cl), NCR (distal part of
ClI), Clll, CV of mitochondria isolated from control and diseased cells have been normalized to
citrate synthase activity measured in the same samples. Activities are expressed in nmol/mg
protein/min/CS. Results are mean +/- S.D, n=3-5 for all individual disease lines, and n= 9 for the
BJ-FB control cell line. NCR, NADH:cytochrome c¢ oxidoreductase; NFR, NADH:ferricyanide
oxidoreductase; CS, citrate synthase; CllI, cytochrome bcl; CV, ATP synthase. *p <0.05 ***p
<0.001 ****p <0.0001 vs. control.

Cell lines cs NFR NCR cim cv

Control 42.22+13.1 16.08£5.5 0.051+0.04 0.67£0.17 0.080+0.12
MT-ATP6

SBG1 31.00+5.4 34.02+3.8%** 0.071+0.04 0.29+0.16* 0.063+0.039
SBG2 38.00+£7.4 25.48+8.0 0.045+0.06 0.60+0.20 0.030+0.018
SBG3 26.75%5.6 38.6015.6**** 0.103+0.08 0.66+0.24 0.086%0.060
MT-ND3

SBG4 44.5019.2 15.83+0.92 0.053+0.0097 0.75£0.23 0.038x£0.013
MT-ND5

SBG5 41.40+8.26 13.48+1.91 0.063+0.014 0.50+0.16 0.042+0.0033

4.3.4. Mitochondrial reactive oxygen species production was decreased in all diseased

cell lines and dependent on mitochondrial membrane potential

Tightly coupled mitochondria ensure electron flow and proton translocation are coupled
appropriately with ATP production. When electron transport and ATP production in the
mitochondria are not tightly coupled, electrons could potentially leak from ETC complexes,
resulting in the production of reactive oxygen species (ROS) (Murphy, 2009;Cheng et al., 2017),
which can be further detrimental to mitochondrial function. Results of NFR and NCR data from
ETC studies led us to hypothesize that the SBG 1-3FB lines supported a leaky mitochondrial
membrane because of a defective ATP synthase (Boyer et al., 1973), while SBG4-5FB lines
exhibited overall complex | defect because of defective NADH dehydrogenase function. Using
flow cytometry analysis, ROS production was measured using MitoSOX, a fluorescent dye that
selectively targets mitochondria in live cells, where it can be readily oxidized by superoxide

(Robinson et al., 2008). A significant decrease (p<0.05) in ROS production was observed in the
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diseased cell lines (SBG1-5FB) relative to the control BJ-FB cell line (Figure 4.3.4.a). As
experimental controls, two potent mitochondrial inhibitors, rotenone, and antimycin A were used
to induce ROS production. Rotenone inhibits the activity of complex I, while antimycin A inhibits
the activity of complex Ill. Inhibition at these sites perturbed electron flow and increased the
production of oxygen radicals. As expected, increased ROS production was observed in the
sites of complex | and Ill subunits in the diseased lines. However, the levels were significantly
lower (p<0.0001) than the BJ-FB control cell line (Figure 4.3.4.b-c). It has been reported
elsewhere that MitoSOX fluorescence is dependent on MMP fluorescence (Polster et al.,
2014;Roelofs et al., 2015). In parallel studies conducted in our laboratory and reported
elsewhere, lower MMP was observed for all of our diseased cell lines (manuscript in review).
The low mitochondrial ROS could be attributed to the depolarization of the mitochondria caused
by the different mutations. The mitochondria are potentially “uncoupled” with a permeable inner
mitochondrial membrane and thus electrons do not accumulate on redox centers of complex |

and complex Il1.
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Figure 4.3.4. Mitochondrial reactive oxygen species (ROS) analysis of BJ-FB and five LS
fibroblast cell lines. Using flow cytometry, along with MitoSOX™ Red reagent, ROS was
evaluated. Representative flow cytometry histogram of all fibroblasts (Control BJ-FB in grey;
SBG1-FB (MTATP6-T8993G), SBG2-FB (MTATP6- T8993G), SBG3-FB (MTATP6-T9185C) in
red; SBG4-FB (MTND3-T10158C) and SBG5-FB (MTND5-T12706C) in blue of samples (a)
stained with MitoSOX™ Red only (b) stained with MitoSOX™ Red after treatment with
Rotenone and (c) stained with MitoSOX™ Red after treatment with Antimycin A. Mean
fluorescence intensity (MFI) was calculated based on three independent runs and are shown for
all the samples in (d) stained with MitoSOX™ Red only (e) stained with MitoSOX™ Red after
treatment with Rotenone and (f) stained with MitoSOX™ Red after treatment with Antimycin.
*p<0.05** p<0.01*** p<0.001 ****p<0.00001.
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4.3.5. Mitochondrial respiration was disrupted in diseased cell lines with variable spare

respiratory reserve capacity

It was hypothesized that an increase in mutation burden disrupts electron transfer
(measured as oxygen consumption) leading to altered ETC activity and abnormal mitochondrial
bioenergetics. As shown in Figure 4.3.5.a-c, oxygen consumption rate (OCR) using a Seahorse
XFe96 flux analyzer was measured. Analysis was conducted in all cell lines (n=3-5) at passage
eight, in conjunction with quantitative measurements of heteroplasmy levels and ETC activity.
The oxidative phosphorylation properties included basal respiration, leak, maximal respiration,
and non-mitochondrial respiration, after sequential injections of ATP synthase inhibitor
oligomycin, the uncoupler carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone FCCP,

complex | inhibitor Rotenone, and complex Il inhibitor Antimycin A into the wells.

Results show (Figure 4.3.5.d) a significant increase (30%; p<0.0001) in basal respiration in
SBG1-FB (T8993G) cell line because disruption of ATP synthase function causes the protons to
leak rapidly (Figure 4.3.5.9) by (33 %; p<0.0001) to maintain the circuit; thus signaling the cells
to accelerate the demand for ATP-linked basal respiration. However, proton leak was not
increased in SBG2-FB (T8993G), SBG3-FB (T9185C) cell lines, which correlated with
significantly (p<0.0001) decreased basal respiration (Figure 4.3.5.d,g) when compared to the
control line. A similar analysis was performed on the other two cell lines SBG4-FB (T10158C) &
SBG5-FB (T12706C) impacting NADH dehydrogenase function. Results indicated a decrease
by 23% and 21% in basal respiration (Figure 4.3.5.d) for SBG4-FB (T10158C) & SBG5-FB
(T12706C) respectively relative to control. Proton leak was also reduced (Figure 4.3.5.9) in the

SBG4-FB (T10158C) line compared to the control BJ-FB cell line.

The maximum respiration rate caused by the addition of FCCP (Figure 4.3.5.e) showed a
significant increase by 98% (p<0.0001) in SBG1-FB(T8993G) and 57% (p<0.0001) increase in

SBG3-FB (T9185C) cell line compared to the control BJ-FB line, mimicking the physiological
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energy demand due to a defective ATP synthase. Therefore, rapid oxidation of substrates could
occur to meet this metabolic challenge, thus stimulating the respiratory chain to operate at
maximum capacity (Zorov et al., 2014;Smith et al., 2018). However, in SBG2-FB (T8993G) line,
the observed decrease by 23% (p=0.0084) in maximal respiration (Figure 4.3.5.e) indicates the
cell was unable to meet the metabolic challenge due to inefficient ATP synthase. Similarly,
maximum respiration rate was measured on SBG4-FB (T10158C) & SBG5-FB (T12706C) cell
lines impacting NADH dehydrogenase function. Since the T12706C mutation disrupts the proton
translocation in the transmembrane arm of the complex | subunit (Ni et al., 2019), we expected
that the maximum rate of respiration would be severely impacted. Results indicate a mild
increase in maximum respiration by 12.5% (p<0.05) in SBG4-FB (T10158C) cell line; and a
severe decrease in maximum respiration by 47.5% (p<0.0001) in SBG5-FB (T12706C)

compared to the control BJ-FB cell line (Figure 4.3.5.e).

An important bioenergetics variable of a cell that can experience variable energy demands
is the spare respiratory capacity (SRC); which is the ability of the electron transport and
substrate supply to respond to an increase in ATP demand (Marchetti et al., 2020). SRC is
measured by the difference between maximal respiration and basal respiration (Figure 4.3.5.a).
Results show a significant increase in spare respiratory capacity values by 150% (p<0.0001) in
SBG1-FB (T8993G) and 190% (p<0.0001) increase in SBG3-FB (T9185C) cell line, and an 11%
(p<0.0001) decrease in SBG2-FB (T8993G) compared with the control BJ-FB cell line. Next,
SRC values were measured in SBG4-FB (T10158C) & SBG5-FB (T12706C) cell lines impacting
NADH dehydrogenase function. We observed a slight increase in SRC values in SBG4-FB
(T10158C) cell line and a significant decrease by 50% (p<0.0001) in SRC values in SBG5-FB
(T12706C) cell line compared with the control BJ-FB line (Figure 4.3.5.h). This suggests that

the SBG5-FB (T12706C) has a more severe defect in complex | activity versus SBG4-FB
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(T10158C). These results are in line with other studies that have shown cells with very low SRC

values have poor adaptability to stress conditions (Marchetti et al., 2020).

Finally, the mitochondrial respiration was inhibited by simultaneously treating cells with
rotenone and antimycin A. Non-mitochondrial respiration was measured as the difference
between basal respiration and the final values obtained after the treatment, which is typically
attributed to the non-ETC oxidases present in the cell (Hill et al., 2012). Results showed that
non-mitochondrial respiration was significantly elevated (p<0.0001) in all SBG1-FB (T8993G),
SBG2-FB (T8993G), SBG3-FB (T9185C) (p<0.05), SBG4-FB (T10158C) cell lines compared to
the control BJ-FB line (Figure 4.3.5.f). The non-mitochondrial respiration was however similar in

the SBG5-FB (T12706C) line when compared with the BJ-FB control cell line.
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Figure 4.3.5. Mitochondria respiratory profile of CTL BJ-FB and five LS fibroblast cell
lines. (a) Scheme of expected oxygen consumption rate (OCR) under basal conditions, (b)
OCR profile of BJ-FB, (c) OCR profile of diseased (SBG1-FB (MTATP6-T8993G), SBG2-FB
(MTATP6- T8993G), SBG3-FB (MTATP6-T9185C), SBG4-FB (MTND3-T10158C) and SBG5-
FB (MTND5-T12706C) cell lines showing (d) basal respiration, (e) maximal respiration (f) non-
mitochondrial respiration after Rot/AA injection proton leak, (g) proton leak (h) spare respiratory
capacity, (i) coupling efficiency. All parameters are in pmol/min/1000 cells. Data are mean +/-
SD. Experiments were repeated at least three times on different days under the same
conditions. *p<0.05 **p<0.01 ***p<0.001 ****p<0.00001. Comparative analyses for all diseased
(SBG1-5) FBs were conducted with the healthy control BJ-FB line.
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4.3.6. Glycolytic rate is significantly increased in LS fibroblasts harboring T8993G,

T9185C, and T12706C mutations affecting Cl and CV function

The mitochondrial bioenergetics assay confirmed that all the patient lines except SBG1-FB
(T8993G) showed significant decreases (~35%) in mitochondrial ATP production (Figure
4.3.7.a) in line with other reports (Kirby et al., 2003;Crimi et al., 2004;Schubert Baldo and
Vilarinho, 2020). Since clinical data from LS patients showed elevated lactate levels (Crimi et
al., 2004), a glycolytic rate assay was performed in these lines and compared with the control
BJ-FB line. This allowed for the measurement of basal proton efflux rate (PER)- a measure of
pH change from glycolysis only and not by carbon dioxide and water in the mitochondria via the
citric acid cycle and oxidative phosphorylation (see schematics Figure 4.3.6.a). At the end of
the assay, basal glycolysis, glycolytic capacity, and non-glycolytic respiration values were
obtained. Basal glycolysis, a measure of basal extracellular proton efflux (PER), is significantly
elevated (p<0.0001) by 36% in SBG1-FB(T8993G) and 26% in SBG3-FB(T9185C) and 70% in
SBG5-FB (T12706C) line compared to control BJ-FB line (Figure 4.3.6.b). Increasing trends
were observed in basal glycolysis rates in SBG2-FB (T8993G) and SBG4-FB (T10158C) lines

when compared with the control cells.

The addition of mitochondrial inhibitors, rotenone and antimycin A, forced cells to
compensate solely through the glycolytic pathway. Glycolytic capacity, a measure of this
compensatory change in cellular metabolism increased by 34%, 25%, and 66.67% (p<0.0001)
in SBG1-FB (T8993G), SBG3-FB (T9185C), and SBG5-FB (T12706C) lines respectively when
compared to control BJ-FB cell line (Figure 4.3.6.c), further supporting the glycolytic
dependence of these cell lines. As observed with the basal glycolysis, glycolytic capacity in the
SBG2-FB (T8993G) and SBG4-FB (T10158C) cell lines were not significantly different from the
control BJ-FB cell line. Finally, post-2-DG acidification was recorded after treating the cells with

2-deoxyglucose, to inhibit glycolysis. Post-2-DG acidification, a measure of proton efflux not
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associated with either mitochondrial respiration or glycolysis rose by 13% in SBG1-FB(T8993G),
30% in SBG2-FB (T8993G), and 91% in SBG3-FB (T9185C) (p<0.05) cell lines with a defective
ATP synthase function (Figure 4.3.6.d). The post-2-DG acidification was indistinguishable
compared to the healthy control line in SBG4-FB (T10158C) and SBG5-FB (T12706C) mutant

fibroblast cell lines.
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Figure 4.3.6. Glycolytic profile of CTL BJ-FB and five LS fibroblast cell lines. (a) a real-
time profile shows the glycolytic acidification; PER of BJ-FB and diseased (SBG1-FB (MTATP6-
T8993G), SBG2-FB (MTATP6- T8993G), SBG3-FB (MTATP6-T9185C), SBG4-FB (MTND3-
T10158C), and SBG5-FB (MTND5-T12706C) cell lines showing (b) basal glycolysis (c)
glycolytic capacity after ETC blocking using Rot/AA (d) post-2DG (non-glycolytic acidification).
Data are shown in pmol H+/min/1000 cells as mean +/- SD. Experiments were repeated at least
three times on different days under the same conditions. *p<0.05** p<0.01*** p<0.001
**+%n<0.00001. Comparative analyses for all diseased (SBG1-5) FBs were conducted with the
healthy control BJ-FB line. PER: proton efflux rate.
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4.3.7. Mitochondrial ATP synthesis rate is decreased while glycolytic ATP synthesis rate

is elevated in diseased cell lines

The defect in the function of ATP synthase or NADH dehydrogenase resulted in a decrease
in mitochondrial ATP synthesis rate (Figure 4.3.7.a) and a subsequent increase in glycolytic
ATP synthesis rate (Figure 4.3.7.b). As expected, we observed significant decreases (p<0.05)
in mitochondrial ATP synthesis rate (p<0.05) by 33% in SBG2-FB (T8993G), 16% in SBG3-FB
(T9185C), 30% in SBG4-FB (T10158C) and 37% in SBG5-FB (T12706C) lines compared to
control BJ-FB cell lines. Although SBG1-FB (T8993G) had a 19.4% increase in mitochondrial
ATP synthesis rate, it was due to compensatory oxygen flux (Gnaiger and MitoEAGLE, 2020)
due to increased proton leak (Figure 4.3.5.9). The glycolytic ATP production rate was increased
by 40% in SBG1-FB(T8993G), 43% in SBG3-FB (T9185C), and 60% in SBG5-FB (T12706C)
when compared to control BJ-FB cells, supporting the prediction that dysfunctional
mitochondrial-derived ATP, results in activation of adaptive pathways of ATP production. The
glycolysis ATP rate was similar in SBG2-FB (T8993G) and SBG4-FB (T10158C) cell lines

compared with the control cells (Figure 4.3.7.b) with less severe defects.
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Figure 4.3.7. Production of ATP in BJ-FB and five LS fibroblast cell lines. The LS lines are
(SBG1-FB (MTATP6-T8993G), SBG2-FB (MTATP6- T8993G), SBG3-FB (MTATP6-T9185C),
SBG4-FB (MTND3-T10158C), and SBG5-FB (MTND5-T12706C) impacting the function of ATP
synthase or NADH dehydrogenase. (a) Mitochondrial ATP rate and (b) Glyco-ATP rate. Data
are shown in pmol H+/min/1000 cells as mean +/- SD. Experiments were repeated at least three
times on different days under the same conditions. *p<0.05** p<0.01*** p<0.001 ****p<0.00001.
Comparative analyses for all diseased (SBG1-5) FBs were conducted with the healthy control
BJ-FB line. OCR: oxygen consumption rate. PER: proton efflux rate.

4.3.8. Glycolytic bioenergetic health index (BHI) ratio is a sensitive marker for predicting

disease severity in all cell lines

To understand the relationship between disease severity and cellular markers of
mitochondrial dysfunction, a single value concept termed “bioenergetics health Index or BHI”
was recently proposed as a biomarker for measuring overall mitochondrial dysfunction (Chacko
et al., 2014;Chacko et al., 2016). The BHI values were based on mitochondrial bioenergetics
parameters and captured positive aspects of bioenergetics function (SRC and ATP-linked
respiration) and contrasted these with potentially deleterious aspects (hon-mitochondrial oxygen
consumption and proton leak) shown in the formula in (Figure 4.3.8.a) (Chacko et al., 2016). In
this study, the BHI based on mitochondrial parameters has been designated as ‘mitoBHI’.
Individual ‘mitoBHI’ values as per the formula in Figure 4.3.8.a was highest for SBG3-FB
(T9185C) at 1.92, followed by SBG1-FB (T8993G) at 1.83 and 1.61 for both SBG2-FB (T8993G)

and SBG4-FB (T10158C) and SBG5-FB (T12706C) had a reduced value of 1.46, while the
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control BJ-FB cell line was estimated to be at 1.61 (Figure 4.3.8.b). The ‘mitoBHI’ values in this

study were found to be highly variable.

Since the results obtained with the disease cells also demonstrated a reliance on
glycolysis, we introduced a similar concept that we have designated as ‘glycoBHI’. Similar to the
‘mitoBHI’, the ‘glycoBHI’ captures positive aspects of glycolysis (Basal PER, compensatory
glycolysis) and contrasts these with potentially deleterious non-glycolytic parameters (mitoPER
and post-2DG-acidification) (Figure 4.3.8.a). The first term in the numerator for the glycoBHI is
the Basal PER, which refers to the proton efflux rate in live cells by glycolysis only. The second
term in the numerator, compensatory glycolysis, is the rate of glycolysis in cells after the
addition of mitochondrial inhibitors, which inhibits mitochondrial bioenergetics and drives
compensatory changes in the cell to use glycolysis to meet the cells' energy demands. For the
denominator, the mitoPER refers to the contribution of the mitochondria to oxygen consumption
and proton production, which is non-glycolytic. The final term in the denominator is the post-2-
DG-acidification, which includes other sources of extracellular acidification that are not attributed
to glycolysis or mitochondrial TCA activity as well as any residual glycolysis not fully inhibited by
2-DG. The terms a, b, ¢, and d in both ‘mitoBHI’ and ‘glycoBHI’ are exponents (linear in log-
space), which modify the relative weighting of the respiratory parameters (Chacko et al., 2016).
Individual glycolytic ‘glycoBHI’ values (Figure 4.3.8.c) were calculated using the four
parameters as per the formula in Figure 4.3.8.a. All ‘glycoBHI’ values for diseased FBs were
statistically significant and higher when compared with the control BJ-FB line (Figure 4.3.8.c).
The high ‘glycoBHI’ values corresponded to 3.09, 2.97, and 2.95 for SBG3-FB (T9185C), SBG5-
FB (T12706C), and SBG1-FB (T8993G) respectively, which aligns with high basal glycolysis
values (Figure 4.3.6.b). In support of the basal glycolysis and glycolytic capacity data (Figure
4.3.6.b, Figure 4.3.6.c), the ‘glycoBHI’ values were 2.65 and 2.52 for SBG2-FB (T8993G) and

SBG4-FB (T10158C) respectively. Consistent with our findings, the ‘glycoBHI’ values exhibited
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a 25%, 12%, 31%, 7%, and 26% increase for SBG1-FB, SBG2-FB (T8993G), SBG3-FB
(T9185C), SBG4-FB (T10158C), and SBG5-FB (T12706C) respectively when compared with

the control BJ-FB cell line (Figure 4.3.8.c).
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Figure 4.3.8. Composite Bioenergetic Health Index (BHI) ratio for BJ-FB and five LS
fibroblast cell lines. The LS lines are (SBG1-FB (MTATP6-T8993G), SBG2-FB (MTATP6-
T8993G), SBG3-FB (MTATP6-T9185C), SBG4-FB (MTND3-T10158C) and SBG5-FB (MTND5-
T12706C) impacting the function of ATP synthase or NADH dehydrogenase. (a) The formula
used to calculate the MitoBHI and GlycoBHI (b) Mito-BHI values were quantitated based on four
bioenergetic parameters: mitoATP production, spare reserve capacity, proton leak and non-
mitochondrial respiration. (c) Glyco-BHI values were quantitated based on four glycolytic
parameters: Basal glycolysis (Basal PER), compensatory glycolysis, mitochondrial acidification
(MitoPER), and post 2-DG acidification. *p<0.05** p<0.01*** p<0.001 ****p<0.00001.

4.4, Discussion

To better understand and connect the mitochondrial dysfunction contributing to clinical
severity in LS, we selected five patient fibroblast lines from four young children and one young
adult with mtDNA variants with clinical presentations ranging from mild myopathies to severe
LS. The three cell lines contained pathogenic mtDNA with point mutations in the MTATP6 gene
[SBG1-FB (T8993G)and SBG2-FB (T8993G), SBG3-FB: (T9185C)] affecting the function of
ATP synthase. The other two cell lines contained pathogenic mtDNA with point mutations in the
MTND3 gene [SBG4-FB (T10158C)] and MTND5 gene [SBG5-FB (T12706C)] affecting the

function of complex I. A commercially available fibroblast cell line (BJ-FB) was used as the
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control line to minimize variability and all experiments were designed and analyzed at the same

early passage (P8) in this study.

In this study, for the first time, we have introduced ‘glycoBHI’ as a more significant and
sensitive indicator of the cells (Figure 4.3.8.c) that have mitochondrial dysfunction. In our study,
we noted that the mitoBHI was highly variable, perhaps due to the mtDNA variants,
heteroplasmy, or the functional aspects of the specific bioenergetics parameters. Since the
disease fibroblasts had adapted and were dependent on both OXPHOS and glycolysis, we also
computed one composite BHI ratio (‘mitoBHI’/ ‘glycoBHI’), based on the averages of the
individual replicates associated with the mitoBHI and the glycoBHI for each line. This allowed us
to evaluate the overall ability of the cell to meet energy demand due to its diseased state. In this
study, we estimated the values to be 0.68 for the control BJ-FB, 0.64 for SBG4-FB (T10158C),
0.62 for SBG3-FB (T9185C), 0.62 for SBG1-FB, 0.61 for SBG2-FB (T8993G) and 0.49 for
SBG5-FB (T12706C). With the value for BJ-FB set at 100 (normal), the composite BHI ratio
values were 94 for SBG4-FB (T10158C) (mild), 91 for SBG3-FB (T9185C) (intermediate), 91 for
SBG1-FB (T8993G) (intermediate), 89 for SBG2-FB (T8993G) (intermediate) and 72 for SBG5-

FB (T12706C) (severe) respectively (Figure 4.4.).

Given the clinical variability and bioenergetic differences among patients with
mitochondrial disorders, and LS in particular (as illustrated in Figure 4.4.); an important first
step was to comprehensively analyze the range of bioenergetic parameters regulating the BHI
ratio across the five lines and compare it with the BJ-FB control. By using the XFe96
extracellular flux analyzer, we were able to measure OCR as an indicator of mitochondrial
respiration and PER for glycolysis. Mitochondrial and glycolysis specific inhibitors were used to
measure different parameters such as basal respiration, ATP turnover, maximal respiration,
spare respiratory reserve capacity, proton leak, non-mitochondrial respiration, proton efflux rate,

compensatory glycolysis, and ATP production rates in real-time.
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In this study, we have analyzed two major pathways involved in cellular respiration and
ATP production. The first, mitochondrial respiration (OXPHOS), the pathway of ATP generation
in the presence of oxygen. The second, basal glycolysis (PER), is the cell’'s pathway to
synthesize ATP, which is non-mitochondrial. Overall, results demonstrate that SBG2-FB
(T8993G), SBG3-FB (T9185C), SBG4-FB (T10158C), and SBG5-FB (T12706C) have
decreased mitochondrial respiration and ATP production, while SBG1-FB (T8993G) cell line
was driven by compensatory oxygen flux, most likely due to proton leak across the inner
mitochondrial membrane. Although all diseased FBs adapted to the mitochondrial defects with
variable increases in the glycolytic pathway; SBG1-FB, SBG3-FB (T9185C), and SBG5-FB
(T12706C) showed significantly higher basal glycolysis (Figure 4.3.6.b), glycolytic capacity
(Figure 4.3.6.c); and ‘glycoBHI’ (Figure 4.3.8.c) when compared to the control BJ-FB. SBG2-
FB (T8993G) and SBG4-FB (T10158C) showed only a mild increase in basal glycolysis (Figure
4.3.6.b) and ‘glycoBHI’ (Figure 4.3.8.c) values when compared with the control BJ-FB. A
guestion then may arise as to why do SBG1-FB, SBG3-FB (T9185C) and SBG5-FB (T12706C)

cells activate the glycolytic pathway? What was the mechanism driving it?

We hypothesized that SRC values were an important contributing factor, in the cell’s
decision to compensate for the lowered mitochondrial ATP rate and activate the glycolytic
pathway. In support of our hypothesis, previous studies have reported that a decrease in SRC
negatively affects cardiac muscles, making them more vulnerable to bioenergetic exhaustion
(Gong et al., 2003). Studies on mouse myocytes and iPSC-derived myocytes further support the
importance of SRC in cell survival (Pfleger et al., 2015). Other studies have also shown SRC
depends on the oxidation of glucose-derived pyruvate (Pfleger et al., 2015;Marchetti et al.,
2020), which is then oxidized into Acetyl-CoA and enters the TCA cycle to produce reduced
electron carries, NADH and FAD which enters the ETC complex to ultimately produce ATP, via

the ATP synthase. In line with these findings, results in this study indicated that the LS diseased
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cell lines demonstrated a decrease in mitochondrial ATP synthesis rate (Figure 4.3.7.a),
prompting a need to activate the glycolysis pathway, perhaps for continued maintenance of high
SRC levels (150% & 190%), seen in SBG1-FB (T8993G) and SBG3-FB (T9185C) cells (Figure
4.3.5.h). However, SBG5-FB (T12706C) cells displayed significantly low (50%) SRC levels
(Figure 4.3.5.h), yet very high (70%) glycolysis rate (Figure 4.3.6.b). In this scenario, the cells
likely have a severe defect in complex | (Ni et al., 2019) and switch to the glycolysis pathway to
satisfy the energy requirement of the cells. Therefore, the low SRC levels perhaps diverted the
fate of pyruvate to produce lactate during glycolysis, which supports the clinical outcomes
associated with LS (Ni et al., 2019). The other cell line with significantly low (11%) SRC levels
below the threshold (Figure 4.3.5.h) was SBG2-FB (T8993G). Here the cells triggered a mild
increase in basal glycolysis (Figure 4.3.6.b) to generate pyruvate for minimally maintaining
SRC levels. SRC is measured as oxygen consumption in the presence of uncoupler-FCCP and
is an indicator of ETC’s capacity to move protons from the mitochondrial matrix into the
intermembrane space (Nicholls et al., 2010) in the uncoupled state (Gnaiger and MitoEAGLE,
2020). Therefore, increasing defects in ATP synthase compromised the ETC capacity, leading
to a collapse in membrane potential and reduced ROS levels (Figure 4.3.4.) with a concomitant

increase in complex | activity indicated by NFR (Table 4.3.3.).

Lastly, modest increase (Figure 4.3.5.h) in SRC levels in SBG4-FB (T10158C) cells
compared with the control BJ-FB line. SBG4-FB (T10158C) cells did not increase basal
glycolysis (Figure 4.3.6.b) for ATP synthesis because of the milder complex | defect or low
heteroplasmy levels of 30% (Table 4.3.2.). Here, we showed for the first time in LS, the
importance of SRC as a balancing factor in promoting cell adaptability due to functional
mitochondrial defects. More importantly, for the first time, we also demonstrate the relevance of
glycolysis and the ‘glycoBHI’ as a very significant and sensitive index of mitochondrial defects in

the LS diseased lines.
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Taking all the cellular dysfunction in LS patient cells into consideration, we have
attempted to group the clinical severity presented in Table 4.3.1. and Figure 4.4. into severe,
intermediate, and mild categories. In this study, we note that the most severely affected line is
SBG5-FB (T12706C), based on the comprehensive assessment of bioenergetic parameters
(Figure 4.2.5-4.2.8.). The cell respiration assays confirmed that SBG5-FB (T12706C), exhibited
the lowest composite BHI ratio value of 72 (Figure 4.4.), due to decreased SRC and high
glycolysis. Furthermore, the maximal respiration (Figure 4.3.5.e) and SRC (Figure 4.3.5.h) was
significantly reduced (~50 %) when compared to the healthy control BJ-FB, leading to a low
‘mitoBHI’ of 1.46 (Figure 4.3.8.b). In order to compensate for the loss in mitochondrial ATP
production by OXPHOS, the SBG5-FB (T12706C) cells adapt and increase glycolysis derived
ATP (Figure 4.3.7.b), leading to a high ‘glycoBHI’ value of 2.97 (Figure 4.3.8.c). Since the SRC
values were the lowest, the resulting pyruvate was converted into lactate to regenerate NAD+,
since NADH oxidation by the ETC is decreased. It is thus not surprising that our findings are in
agreement with the clinical diagnosis of ‘severe neonatal lactic acidosis’ and resulting in a

fatality at 9.5 months within a month of clinical diagnosis (Ni et al., 2019).

Based on our comprehensive assessment of the different bioenergetic parameters, we
grouped three cell lines SBG1-FB (T8993G), SBG2-FB (T8993G), and SBG3-FB (T9185C), as
‘intermediate’ with respect to the severity of the disease. Detailed below are the subtle
dissimilarities between the three lines to distinguish the bioenergetic differences that contribute
to the composite BHI ratios. The first intermediate-to-severe diseased line was SBG2-FB
(T8993G) with a clinical diagnosis of ‘developmental delay and abnormal gait’ (Figure 4.4.).
Although SBG2-FB (T8993G), carries the same mutation as SBG1-FB (T8993G), the patient
exhibited different levels of disease severity reflected in the glycoBHI of 2.64 and a composite
BHI ratio value of 89 (Figure 4.4.). We also observed a decrease of 33% in mitochondrial ATP

synthesis rate (Figure 4.3.7.a), the SRC (11.1%) (Figure 4.3.5.h), and maximal respiration
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(23%) (Figure 4.3.5.e) when compared with the control BJ-FB line. When the SRC is consumed
and decreases below the threshold, the mitochondria can no longer respond to energetic
demand; thus likely contributing to developmental defects in high-energy tissues such as the
brain, heart, and muscle.

The second intermediate diseased line is SBG1-FB (7T8993G), with a clinical diagnosis as
LS (Figure 4.4.) (Stendel et al., 2020), a ‘glycoBHI’ of 2.95, and a composite BHI ratio of 91
(Figure 4.4.). Furthermore, the maximal respiration rate increased significantly by 98% (Figure
4.3.5.e) and SRC by 150% (Figure 4.3.5.h) when compared to the control BJ-FB line. However,
results also showed an increase in proton leak by 33% when compared with the control BJ-FB
(Figure 4.3.5.9), indicating a ‘pathologically dyscoupled respiration state’ (Gnaiger and
MitoEAGLE, 2020). Thus the mitochondria appear to compensate by significantly increasing the
basal glycolysis (PER) by 36% (Figure 4.3.6.b) to preserve the ATP production rate (Figure
4.3.7.a). However, the increase in glycolytic capacity by 34% (Figure 4.3.6.c) and the trend to
increased glycolytic ATP production rate (Figure 4.3.7.b) supports that glycolytic compensation
is likely incomplete. It is also possible that the pyruvate is diverted to produce lactate to
preserve glycolytic rates, leading to elevated blood lactate levels as seen in LS patients (Lake et
al., 2016).

The third intermediate-to-mild disease variant is SBG3-FB (797185C), in which the patient
was diagnosed at age 23 years with ‘mild myopathy’ (Figure 4.4.). The cell respiration assays
confirmed that SBG3-FB (T79185C), exhibited the highest increase in SRC (190%) (Figure
4.3.5.h) and increased maximal respiration (57%) (Figure 4.3.5.e), compared to the control BJ-
FB; while the glycolytic ATP was mildly elevated (Figure 4.3.7.b), accompanied by a glycoBHI
of 3.09 and composite BHI ratio of 91 (Figure 4.4.), representing a milder form of LS. The
significant increase in post-2DG-acidification (Figure 4.3.6.d) indicates the possibility of other
pathways not attributed to glycolysis or TCA cycle activity being activated to maintain high SRC

levels and is worthy of future investigation.
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Finally, the mild disease variant is SBG4-FB (T707158C) with a clinical diagnosis of
‘epilepsy, dystonic tetraparesis’, a glycoBHI of 2.52, and a composite BHI ratio of 94 (Figure
4.4.). Furthermore, we observed a slight increase in maximal respiration (13%) (Figure 4.3.5.e)
and SRC (Figure 4.3.5.h), which indicated that the cells were barely able to meet energy
demands, by either increasing ATP production within the mitochondria (Figure 4.3.7.a) or by
adapting to the glycolytic pathway. The glycolytic capacity (Figure 4.3.6.c) and basal glycolysis
(PER) (Figure 4.3.6.b) were only mildly higher when compared with the control line; possibly
contributing to a very mild clinical phenotype in the LS patient.

Based on the overall analysis of the five diseased patient-specific fibroblasts, the
‘glycoBHI’ emerged as a sensitive indicator of mitochondrial defects as the cells had switched
‘on’ the glycolytic pathway. As shown in (Figure 4.3.8.c) glycoBHI was significantly increased in
all the cell lines compared to control BJ-FB and was indeed sensitive to the mitochondrial
dysfunction.

We also computed the ‘composite BHI ratio’ (oxphos/glycolysis because the cell lines
were utilizing both oxphos (although highly defective) and glycolysis pathways to maintain the
energy requirements in the individual cell line. As noted in Figure 4.4., the composite BHI ratio
(100 was deemed healthy), while the decreased composite BHI ratio (72 was unhealthy), and
indicative of a very diseased state. Two important parameters associated with the composite
BHI ratio were basal glycolysis (PER) which was a measure of mitochondrial defect and SRC,
which was an indicator of the cell's capacity to adapt to the defect.

Another important consideration is pathogenic mtDNA variants and heteroplasmy levels
associated with the specific mtDNA variant. The current study indicates that in addition to the
bioenergetic parameters, there must be consideration of the specific pathogenic mtDNA variant,
rather than solely relying on the percentage heteroplasmy. In line with previous studies (Tatuch
et al., 1992;Ganetzky et al., 2019;Stendel et al., 2020), we also measured a high heteroplasmy

for pathogenic mtDNA MTATP6 variants SBG1-FB: 96%; SBG2-FB (T8993G): 91%; SBG3-FB
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(T9185C): 98%, that is associated with LS, and impacting ATP synthase function. As other
studies have reported (Ganetzky et al., 2019;Stendel et al., 2020), the clinical phenotype for
SBG1-FB-MTATP6-T8993G was classic ‘LS’, while for SBG2-FB MTATP6-T8993G was
‘developmental delay, abnormal gait’; and for SBG3-FB-MTATP6-T9185C a mild myopathy and
late disease onset. Despite the high heteroplasmy and identical mutation, the composite BHI
ratio was able to distinguish the different MTATP6 variants with regard to the disease severity.
Previous studies (Kirby et al., 2004;McFarland et al., 2004), have shown that the
pathogenic MTND3-T10158C and MTND5-T12706C mtDNA variants have also been observed
in patients exhibiting LS phenotype. In the current study, heteroplasmy was measured to be
30% in the SBG4-FB-MTND3-T10158C. The subtle increase in SRC (Figure 4.3.5.h), lowered
basal respiration (Figure 4.3.5.d) and basal glycolysis (Figure 4.3.6.b) is in line with a milder
metabolic defect manifested as epilepsy and muscle weakness for the patient from whom
SBG4-FB (T10158C) was derived. Heteroplasmy was measured at 39% in SBG5-FB-MTND5-
T12706C, associated with the most severe clinical phenotype. Previous studies have reported
varying heteroplasmy levels (from 30-70%) for this mtDNA variant with severe clinical
phenotypes associated with LS, which indicates that even a low mutation burden could
contribute to disease severity (Taylor et al., 2002;Lebon et al., 2003;Zhadanov et al., 2007;Ni et
al., 2019). The present study demonstrates that SBG5-FB (7712706C) exhibited low SRC
(Figure 4.3.5.h); low mitochondrial ATP production (Figure 4.3.7.a), very high glycolytic ATP
production (Figure 4.3.7.b); and high basal glycolysis (Figure 4.3.6.b), which is in line with the
observed clinical phenotype of neonatal lactic acidosis. In the current study, we have shown that
low heteroplasmy in SBG4- FB-MTND3-T10158C contributed to a milder clinical phenotype,
while SBG5-FB-MTND5-T12706C contributed to a very severe phenotype in the context of LS.
However, the composite BHI ratio emerged as a comprehensive biomarker based on the value
of 94 for SBG4-FB- MTND3-T10158C and 72 for SBG5-FB-MTND5-T12706C and correlated

with the severity of the clinical phenotype (Figure 4.4.). Overall, these results suggest that as
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long as the precise mechanism of LS has not been elucidated, a multi-pronged approach that
takes into consideration the specific pathogenic mtDNA variant, along with a composite BHI
ratio, can aid in better diagnosis and understanding the factors influencing disease severity and
rapid fatality in LS.

Another possibility suggested by our work beyond mitochondrial disorders is incorporating
the composite BHI ratio as a measure of overall mitochondrial health and fitness in different cell
types utilizing both glycolytic and oxidative phosphorylation pathways to maintain energy
production. Specifically, in adult metabolic disorders such as diabetes, cancer, or obesity, our
findings here suggest that drugs that target mitochondrial SRC (Roy Chowdhury et al.,
2012;Corazao-Rozas et al., 2016;Yamamoto et al., 2016;Zhang et al., 2016) could hold promise
as therapeutic potential and might warrant further study for their ability to alter ATP levels and

restore the BHI ratio to physiological levels.
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Figure 4.4. A model for predicting disease severity in LS. Our results indicate that during
stress triggered by specific pathogenic mtDNA variants or other factors, cells (SBG4-FB
(MTND3-T10158C) with high spare reserve capacity (SRC), low heteroplasmy and high
composite BHI ratio exhibit delayed onset and mild clinical symptoms. However, as SRC and
composite BHI ratio decreases, cells (SBG5-FB (MTND5-T12706C) are unable to handle stress
and exhibit early-onset and severe clinical symptoms despite low heteroplasmy levels. Whereas
cells carrying pathogenic disease mtDNA variants in ATP6 gene (SBG1-FB (MTATP6-T8993G),
SBG2-FB (MTATP6- T8993G), SBG3-FB (MTATP6-T9185C) exhibit very high heteroplasmy
levels, lower composite BHI ratio when compared with control BJ-FB and can be grouped as
‘intermediate’ in disease severity.

4.5. Methods

45.1. Ethics statement

This study protocol conformed to the guidelines of the Declaration of Helsinki. The current
study was conducted with patient fibroblasts provided by the Medical University of Salzburg
(SBG), Austria. Fibroblasts were obtained for diagnostic purposes from patients with defined

disorders. Informed consent was obtained to use these samples for research in an anonymized
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way. In accordance with federal regulations regarding the protection of human research
subjects (32 CFR 219.101(b)(4)), the University of Arkansas Office of Research Compliance
determined that the project was exempt from Institutional Review Board (IRB) oversight and

human research subjects protection regulations.

4.5.2. Clinical information

The clinical information associated with the five patient fibroblasts is summarized in Table
4.3.1. The first (SBG1-FB (T8993G)) patient was a girl with a clinical presentation of Morbus
Leigh while the second (SBG2-FB (T8993G)) patient was a boy with a clinical presentation of
developmental defects. Pathogenic mtDNA mutation T8993G was present in the ATP6 gene in
both the patient cell lines. The third (SBG3-FB (T9185C)) patient was a girl with a mild clinical
myopathy with pathogenic mtDNA mutation T9185C present in the ATP6 gene. The fourth
(SBG4-FB (T10158C)) patient was a boy with clinical presentation of epilepsy with pathogenic
mtDNA mutation T10158C present in mitochondrial ND3 gene, the core subunit of complex I.
The fifth (SBG5-FB (T12706C)) patient was a girl with clinical presentation of severe neonatal
lactic acidosis with pathogenic mtDNA mutation T12706C present in mitochondrial ND5 gene, in
the core subunit of complex I. Unaffected healthy control (BJ-FB- ATCC® CRL-2522™)
fibroblast cell line was obtained from the American Type Culture Collection (ATCC, Manassas,

VA, USA).

45.3. Cell culture

Cultures of healthy control and five patient-derived diseased fibroblast cell lines were
maintained in a fibroblast expansion medium that consisted of minimal essential medium (MEM)
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum
(FBS) (GE healthcare- HyClone™; Chicago, IL) and 2mM L-glutamine (Thermo Fisher Scientific,

Waltham, MA, USA). All cell lines were cultured and maintained at 37°C in a humidified
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atmosphere of 5% CO.. The culture medium was replenished every two days and passaged
when cells reached 80% confluence. Fibroblasts were enzymatically passaged in 0.05%
Trypsin-EDTA (Thermo Fisher Scientific, Waltham, MA, USA). All experiments were performed

with cells at passage 8 for consistency and to minimize experimental variability.

4.5.4. Next-generation sequencing for heteroplasmy analysis

Frozen cell pellets from different samples containing ~ 2 x 10° cells were thawed and
processed. The QlAamp DNA mini kit (Qiagen, Valencia, CA, USA) manufacturer protocol was
followed to extract total DNA, which resulted in elution of 100 pL of distilled water (dH20) and
total DNA from all cells. The 100 uL solution containing the genomic DNA was further treated
with 1 yL of RNaseA for 1 hour at 37°C to avoid RNA contamination. The gDNA was quantified
using DeNovix UV/Vis Spectrophotometer (DeNovix Inc. Wilmington, DE, USA). A blank of
1.0uL of dH20 was used to establish a zero, and 1.0uL of each sample was used to determine

the concentration.

The DNA concentration was verified using a Qubit fluorometer (Thermo Scientific).
Instead of the standard DNA fragmentation, an enzymatic fragmentation was performed using
the KAPA Frag Enzyme from the KAPA HyperPlus Library Preparation Kit (KAPA Biosystems,
Wilmington, MA). This alternative was performed to increase yield during the fragmentation
step. Fragmented DNA was purified using Ampure beads (Beckman Coulter, Brea, CA). DNA
libraries were prepared using the Accel-NGS 2S Plus DNA Library Kit (Swift Biosciences, Ann
Arbor, MI). Ten PCR cycles were carried out during the Library Amplification step. The final
libraries were analyzed with a 2100 Bioanalyzer to assess library size distribution (Agilent
Technologies, Santa Clara, CA). DNA libraries were quantified with the KAPA Library

Quantification Kit to ensure accuracy (KAPA Biosystems). Based on the gPCR results, the DNA
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libraries were compiled in equimolar amounts and sequenced with the HiSeq 2500 using

TruSeq v3 reagents according to the 2 x 100 bp protocol (lllumina, San Diego, CA).

Heteroplasmy fractions were extracted from the FASTQ files as previously described
(Grandhi et al., 2017). Briefly, we first filtered out reads that were likely to be nuclear
mitochondrial sequences (NuMTs). NuMTs are DNA sequences that are harbored in the nuclear
genome, but closely match sequences in the mitochondrial genome (Hazkani-Covo et al.,
2010). Specifically, reads that aligned, using Burrows-Wheeler Alignment Tool (Li and Durbin,
2009), with up to one mismatch to the nuclear reference sequence GRCh38 (having removed
the mitochondrial revised Cambridge reference sequence (rCRS) (Andrews et al., 1999) were
excluded from downstream analysis. The resulting reads were realigned to rCRS, and read
counts of the mutant and wild-type alleles were extracted using SAMtools mpileup (Li et al.,
2009). From these counts, the mutant heteroplasmy level was computed as: (mutant allele

counts)/(total counts).

4.5.5. Mitochondrial oxygen consumption detection, glycolysis function test, and

bioenergetics health index (BHI)

In this study, we evaluated the metabolic state in the patient-derived fibroblasts to further
understand the influence of mtDNA mutations on cellular bioenergetics. Changes in oxygen
consumption were measured in real-time using an XFe96 extracellular flux analyzer. Seahorse
XFe96 Cell Mito Stress Test Kit and glycolytic rate assay kit (Seahorse Biosciences, USA) were
used as per the manufacturer’s instructions. Prior to use in XFe96, fibroblasts were detached
using mild trypsin and seed into the plates with a previously optimized number of 20,000 cells
per well. All fibroblasts were seeded in 10-12 replicate wells per plate, with the experiment

repeated at least 4-5 times.
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The cells were supplemented with 180 ul Mito-stress complete Seahorse medium, after
which the cells were incubated in a non-CO; incubator at 37°C for one hour. Respiration was
measured using the classic mitochondrial inhibitors, specific for complex | and Il subunits, such
as Rotenone and Antimycin A (0.5 uM final concentrations each). Maximum respiration was
measured by the addition of an uncoupler carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone- FCCP (0.7 uM final concentration); and Oligomycin (1 uM final concentration)
was added to measure proton leak. The readouts were normalized to cell number and analyzed

using Seahorse XF96 Wave software.

Given the presence of point mutations impacting ATP6, ND5, and ND3, we also
analyzed glycolytic function in all fibroblasts. A classical glycolytic rate assay was performed
using the XFe96 based on the following procedure: 1) cells were cultured in buffered (5 mM
HEPES buffer) Seahorse medium supplemented with glucose and pyruvate; 2) the proton efflux
rate (PER) was measured after the addition of saturating amounts of glucose; 3) rotenone and
antimycin A were added to inhibit mitochondrial-derived ADP phosphorylation, and 4) 2-DG was
added to inhibit glycolysis. The different assay parameters: basal glycolysis, compensatory
glycolysis, total proton efflux, and post 2-DG acidification were normalized to cell number and

analyzed using Seahorse XFe96 Wave software.

The mitochondrial-derived bioenergetic health index (mitoBHI), a composite index of
mitochondrial quality was determined using the formula in Figure 4.3.8.d, where a, b, ¢, and d
exponents modify the relative weight of each respiratory parameter and by default are
equivalent to 1 in this experiment. The glycolytic BHI (glycoBHI), an index of glycolytic
respiration was determined using the formula in Figure 4.3.8.d. The composite BHI index was

calculated by taking a ratio of the means of mitoBHI and glycoBHI.
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4.5.6. Measurement of electron transport chain activity

The activity of electron transport chain complexes |, lll, and V were measured in frozen-
thawed, detergent-solubilized fibroblast cell lines. The overall approach of Hoppel and
colleagues was used (Stephan KrahenbuhlS and Charles, 1991;Lesnefsky et al., 1997). The
assay was optimized for the use of smaller volume incubations (300 ul) with preliminary
experiments first using isolated mouse heart mitochondria followed by the use of H9c2
cardiomyoblast cells. In these initial experiments, the solubilization method and volumes used
preserved complex activity compared to the use of larger assay volumes and greater amounts
of mitochondrial and cellular protein. The amount of cell protein used was based on initial work
that established linear ranges of total enzyme activity vs. protein content. The fibroblast cell
lines SBG 1-5 and control non-diseased fibroblasts were maintained as above. They were
pelleted by centrifugation [400 xg] and flash-frozen with liquid nitrogen. They were shipped by
overnight express from Sl to EJL and immediately placed at -80°C. On the day of the
experiment, cells (approximately 2-5 million cells) were thawed on ice, suspended, and
centrifuged at 10,000 rcf. The supernatant was removed, and pellets were suspended in 4°C
mannitol (220 mM)-sucrose (70 mM)- MOPS (5 mM) buffer with Na;EDTA (2 mM), pH 7.4.
Sodium cholate hydrate (5 g/100 mL Milli-Q water) was added, the mixture briefly vortexed, two
additional volumes of MSM-EDTA added to decrease the final cholate concentration to 1%.
Protein content was measured using the Lowry assay. Citrate synthase activity was measured
using 10 pg of cell protein by the oxaloacetate mediated reduction of DTNB at 412 nm.
Complex | activity was assessed using NADH:ferricyanide oxidoreductase (NFR) and
NADH:cytochrome c oxidoreductase (NCR; rotenone sensitive). NFR was measured using the
artificial electron acceptor potassium ferricyanide using 50 pg of cell protein at 340 nm following
the decrease in NADH content. NCR was measured by following the rotenone-sensitive

reduction of cytochrome c using the increase in absorbance at 550 nm using 100 pg of cell
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protein. NCR measures the activities of complex | and Il with complex | the rate-limiting step.
Complex Il activity (decylubiquinol: cytochrome ¢ oxidoreductase, antimycin A sensitive) was
measured using 50 pg of cell protein at 550 nm by following the increase in the content of
reduced cytochrome c. Complex V activity (oligomycin sensitive) was measured using 45 g of
cell protein using a commercially available kit (Cayman Chemical, Ann Arbor, Ml, USA)

according to the manufacturer’s instructions.

4.5.7. Mitochondrial reactive oxygen species measurement

In this study, all fibroblasts were maintained in culture following established protocols until
the desired passage (p8) is reached. Prior to use in flow cytometry analysis, cells were cultured
until 70-80% confluence was reached. On the day of the experiment, cells were enzymatically
detached using 0.05% Trypsin-EDTA (Thermo Fisher Scientific) and centrifuged at 400xg for 5
mins. The cells were then resuspended in basal medium, after which the desired amount of
MitoSOX Red (Thermo Fisher Scientific) was added (for a final concentration of 3 uM). For
Rotenone and Antimycin A treatment groups, 5 UM of each was added for 10 mins before
MitoSOX treatment. Cells were incubated with MitoSOX in a 37°C 5% CO2 incubator for 25
mins. At the end of the incubation period, cells were centrifuged at 400xg for 5 mins. To wash
off the excess dye, cells were resuspended in 1x dPBS solution and centrifuged for another 5
mins. At the end of the wash, the cells were resuspended in phenol-red free basal medium and
transferred to Accuri C6 plus flow cytometer (BD Biosciences; Franklin Lakes, New Jersey) for
data acquisition. 10,000 events were recorded for each cell line. After data acquisition, the data
were exported as FCS files and analyzed using FlowJo_v10.6.2 software. To gate for the
MitoSOX-positive population, we had cells that were not treated with the dye and used these to
gate for our negative and positive cell populations. Mean fluorescent intensity (MFI) values, a

measure of the geometric mean of MitoSOX positive cells was obtained for statistical analysis.
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4.5.8. Statistical analysis

In order to ensure scientific rigor and reproducibility, for the bioenergetics analysis, an
ANOVA design accounting for 4-5 biological and 10-12 technical replicated from control (BJ-FB)
and diseased (SBG1-FB (T8993G), SBG2-FB (T8993G), SBG3-FB (T9185C), SBG4-FB
(T10158C), SBG5-FB (T12706C)) that are nested within groups was used to identify any
differences with respect to control BJ-FBs. Post-hoc Tukey HSD tests were used to identify
differences among specific groups. Data are presented as the mean * standard deviation (SD)
and were analyzed using the GraphPad Prism 8 software (GraphPad Software, San Diego, CA,

USA). A p<0.05 was considered significant.

4.6. References

Andrews, R.M., Kubacka, I., Chinnery, P.F., Lightowlers, R.N., Turnbull, D.M., and Howell, N.
(1999). Reanalysis and revision of the Cambridge reference sequence for human
mitochondrial DNA. Nat Genet 23, 147.

Baertling, F., Rodenburg, R.J., Schaper, J., Smeitink, J.A., Koopman, W.J., Mayatepek, E.,
Morava, E., and Distelmaier, F. (2014). A guide to diagnosis and treatment of Leigh
syndrome. J Neurol Neurosurg Psychiatry 85, 257-265.

Boyer, P.D., Cross, R.L., and Momsen, W. (1973). A new concept for energy coupling in
oxidative phosphorylation based on a molecular explanation of the oxygen exchange
reactions. Proc Natl Acad Sci U S A 70, 2837-2839.

Chacko, B.K., Kramer, P.A., Ravi, S., Benavides, G.A., Mitchell, T., Dranka, B.P., Ferrick, D.,
Singal, A.K., Ballinger, S.W., Bailey, S.M., Hardy, R.W., Zhang, J., Zhi, D., and Darley-
Usmar, V.M. (2014). The Bioenergetic Health Index: a new concept in mitochondrial
translational research. Clinical Science (London) 127, 367-373.

Chacko, B.K., Zhi, D., Darley-Usmar, V.M., and Mitchell, T. (2016). The Bioenergetic Health
Index is a sensitive measure of oxidative stress in human monocytes. Redox Biology 8,
43-50.

Chance, B., and Williams, G.R. (1955). Respiratory enzymes in oxidative phosphorylation. 1V.
The respiratory chain. J Biol Chem 217, 429-438.

Cheng, J., Nanayakkara, G., Shao, Y., Cueto, R., Wang, L., Yang, W.Y., Tian, Y., Wang, H.,
and Yang, X. (2017). Mitochondrial Proton Leak Plays a Critical Role in Pathogenesis of
Cardiovascular Diseases. Adv Exp Med Biol 982, 359-370.



139

Childs, A.M., Hutchin, T., Pysden, K., Highet, L., Bamford, J., Livingston, J., and Crow, Y.J.
(2007). Variable phenotype including Leigh syndrome with a 9185T>C mutation in the
MTATP6 gene. Neuropediatrics 38, 313-316.

Coller, H.A., Bodyak, N.D., and Khrapko, K. (2002). Frequent intracellular clonal expansions of
somatic mtDNA mutations: significance and mechanisms. Ann N Y Acad Sci 959, 434-
447.

Corazao-Rozas, P., Guerreschi, P., Andre, F., Gabert, P.E., Lancel, S., Dekiouk, S., Fontaine,
D., Tardivel, M., Savina, A., Quesnel, B., Mortier, L., Marchetti, P., and Kluza, J. (2016).
Mitochondrial oxidative phosphorylation controls cancer cell's life and death decisions
upon exposure to MAPK inhibitors. Oncotarget 7, 39473-39485.

Crimi, M., Papadimitriou, A., Galbiati, S., Palamidou, P., Fortunato, F., Bordoni, A., Papandreou,
U., Papadimitriou, D., Hadjigeorgiou, G.M., Drogari, E., Bresolin, N., and Comi, G.P.
(2004). A new mitochondrial DNA mutation in ND3 gene causing severe Leigh syndrome
with early lethality. Pediatr Res 55, 842-846.

Debray, F.G., Lambert, M., Lortie, A., Vanasse, M., and Mitchell, G.A. (2007). Long-term
outcome of Leigh syndrome caused by the NARP-T8993C mtDNA mutation. Am J Med
Genet A 143A, 2046-2051.

Fassone, E., and Rahman, S. (2012). Complex | deficiency: clinical features, biochemistry and
molecular genetics. J Med Genet 49, 578-590.

Ganetzky, R.D., Stendel, C., Mccormick, E.M., Zolkipli-Cunningham, Z., Goldstein, A.C.,
Klopstock, T., and Falk, M.J. (2019). MT-ATP6 mitochondrial disease variants:
Phenotypic and biochemical features analysis in 218 published cases and cohort of 14
new cases Human Mutation 40, 499-515.

Gnaiger, E., and Mitoeagle, T.G. (2020). Mitochondrial physiology. Bioenergetics
Communications 2020.1.

Gong, G., Liu, J., Liang, P., Guo, T., Hu, Q., Ochiai, K., Hou, M., Ye, Y., Wu, X., Mansoor, A.,
From, A.H.L., Ugurbil, K., Bache, R.J., and Zhang, J. (2003). Oxidative capacity in failing
hearts. American Journal of Physiology-Heart and Circulatory Physiology 285, H541-
H548.

Grace, H.E., Galdun, P., 3rd, Lesnefsky, E.J., West, F.D., and lyer, S. (2019). mRNA
Reprogramming of T8993G Leigh's Syndrome Fibroblast Cells to Create Induced
Pluripotent Stem Cell Models for Mitochondrial Disorders. Stem Cells Dev 28, 846-859.

Grandhi, S., Bosworth, C., Maddox, W., Sensiba, C., Akhavanfard, S., Ni, Y., and Laframboise,
T. (2017). Heteroplasmic shifts in tumor mitochondrial genomes reveal tissue-specific
signals of relaxed and positive selection. Hum Mol Genet 26, 2912-2922.

Hatefi, Y. (1978). Preparation and properties of dihydroubiquinone: cytochrome ¢
oxidoreductase (complex lll). Methods Enzymol 53, 35-40.

Hazkani-Covo, E., Zeller, R.M., and Martin, W. (2010). Molecular poltergeists: mitochondrial
DNA copies (numts) in sequenced nuclear genomes. PLoS Genet 6, e1000834.

Hill, B.G., Benavides, G.A., Lancaster, J.R., Jr., Ballinger, S., Dell'italia, L., Jianhua, Z., and
Darley-Usmar, V.M. (2012). Integration of cellular bioenergetics with mitochondrial
guality control and autophagy. Biol Chem 393, 1485-1512.



140

Holt, 1.J., Harding, A.E., Petty, R.K., and Morgan-Hughes, J.A. (1990). A new mitochondrial
disease associated with mitochondrial DNA heteroplasmy. Am J Hum Genet 46, 428-
433.

Hoppel, C.L., Kerr, D.S., Dahms, B., and Roessmann, U. (1987). Deficiency of the reduced
nicotinamide adenine dinucleotide dehydrogenase component of complex | of
mitochondrial electron transport. Fatal infantile lactic acidosis and hypermetabolism with
skeletal-cardiac myopathy and encephalopathy. J Clin Invest 80, 71-77.

lyer, S., Bergquist, K., Young, K., Gnaiger, E., Rao, R.R., and Bennett, J.P., Jr. (2012).
Mitochondrial gene therapy improves respiration, biogenesis, and transcription in
G11778A Leber's hereditary optic neuropathy and T8993G Leigh's syndrome cells. Hum
Gene Ther 23, 647-657.

Jain, I.H., Zazzeron, L., Goli, R., Alexa, K., Schatzman-Bone, S., Dhillon, H., Goldberger, O.,
Peng, J., Shalem, O., Sanjana, N.E., Zhang, F., Goessling, W., Zapol, W.M., and
Mootha, V.K. (2016). Hypoxia as a therapy for mitochondrial disease. Science 352, 54-
61.

Kirby, D.M., Boneh, A., Chow, C.W., Ohtake, A., Ryan, M.T., Thyagarajan, D., and Thorburn,
D.R. (2003). Low mutant load of mitochondrial DNA G13513A mutation can cause
Leigh's disease. Ann Neurol 54, 473-478.

Kirby, D.M., Salemi, R., Sugiana, C., Ohtake, A., Parry, L., Bell, K.M., Kirk, E.P., Boneh, A.,
Taylor, R.W., Dahl, H.H., Ryan, M.T., and Thorburn, D.R. (2004). NDUFS6 mutations
are a novel cause of lethal neonatal mitochondrial complex | deficiency. J Clin Invest
114, 837-845.

Lake, N.J., Compton, A.G., Rahman, S., and Thorburn, D.R. (2016). Leigh syndrome: One
disorder, more than 75 monogenic causes. Annals of Neurology 79, 190-203.

Lebon, S., Chol, M., Benit, P., Mugnier, C., Chretien, D., Giurgea, I., Kern, I., Girardin, E., Hertz-
Pannier, L., De Lonlay, P., Rotig, A., Rustin, P., and Munnich, A. (2003). Recurrent de
novo mitochondrial DNA mutations in respiratory chain deficiency. J Med Genet 40, 896-
899.

Leigh, D. (1951). Subacute Necrotizing Encephalomyelopathy In An Infant. J. Neurol.
Neurosurg. Psychiat 14, 216-221.

Lesnefsky, E.J., Tandler, B., Ye, J., Slabe, T.J., Turkaly, J., and Hoppel, C.L. (1997). Myocardial
ischemia decreases oxidative phosphorylation through cytochrome oxidase in
subsarcolemmal mitochondria. The American journal of physiology 273, H1544-1554.

Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with Burrows-Wheeler
transform. Bioinformatics 25, 1754-1760.

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., Abecasis, G.,
Durbin, R., and Genome Project Data Processing, S. (2009). The Sequence
Alignment/Map format and SAMtools. Bioinformatics 25, 2078-2079.

Loeffen, J.L., Smeitink, J.A., Trijbels, J.M., Janssen, A.J., Triepels, R.H., Sengers, R.C., and
Van Den Heuvel, L.P. (2000). Isolated complex | deficiency in children: clinical,
biochemical and genetic aspects. Hum Mutat 15, 123-134.



141

Marchetti, P., Fovez, Q., Germain, N., Khamari, R., and Kluza, J. (2020). Mitochondrial spare
respiratory capacity: Mechanisms, regulation, and significance in non-transformed and
cancer cells. FASEB J 34, 13106-13124.

Mcfarland, R., Kirby, D.M., Fowler, K.J., Ohtake, A., Ryan, M.T., Amor, D.J., Fletcher, J.M.,
Dixon, J.W., Collins, F.A., Turnbull, D.M., Taylor, R.W., and Thorburn, D.R. (2004). De
novo mutations in the mitochondrial ND3 gene as a cause of infantile mitochondrial
encephalopathy and complex | deficiency. Annals of Neurology 55, 58-64.

Mcfarland, R., Taylor, R.W., and Turnbull, D.M. (2010). A neurological perspective on
mitochondrial disease. The Lancet. Neurology 9, 829-840.

Mitchell, P. (1961). Coupling of phosphorylation to electron and hydrogen transfer by a chemi-
osmotic type of mechanism. Nature 191, 144-148.

Moslemi, A.R., Darin, N., Tulinius, M., Oldfors, A., and Holme, E. (2005). Two new mutations in
the MTATP6 gene associated with Leigh syndrome. Neuropediatrics 36, 314-318.

Murphy, M.P. (2009). How mitochondria produce reactive oxygen species. Biochem J 417, 1-13.

Nekhaeva, E., Bodyak, N.D., Kraytsberg, Y., Mcgrath, S.B., Van Orsouw, N.J., Pluzhnikov, A.,
Wei, J.Y., Vijg, J., and Khrapko, K. (2002a). Clonally expanded mtDNA point mutations
are abundant in individual cells of human tissues. Proc Natl Acad Sci U S A 99, 5521-
5526.

Nekhaeva, E., Kraytsberg, Y., and Khrapko, K. (2002b). mtLOH (mitochondrial loss of
heteroplasmy), aging, and 'surrogate self'. Mech Ageing Dev 123, 891-898.

Ni, Y., Hagras, M.A., Konstantopoulou, V., Mayr, J.A., Stuchebrukhov, A.A., and Meierhofer, D.
(2019). Mutations in NDUFS1 Cause Metabolic Reprogramming and Disruption of the
Electron Transfer. Cells 8.

Nicholls, D.G., Darley-Usmar, V.M., Wu, M., Jensen, P.B., Rogers, G.W., and Ferrick, D.A.
(2010). Bioenergetic profile experiment using C2C12 myoblast cells. J Vis Exp.

Nicholls, D.G., and Ferguson, S.J. (2013). Bioenergetics 4. Elsevier.

Pfleger, J., He, M., and Abdellatif, M. (2015). Mitochondrial complex Il is a source of the reserve
respiratory capacity that is regulated by metabolic sensors and promotes cell survival.
Cell Death and Disease 6, €1835-e1835.

Piekutowska-Abramczuk, D., Rutyna, R., Czyzyk, E., Jurkiewicz, E., lwanicka-Pronicka, K.,
Rokicki, D., Stachowicz, S., Strzemecka, J., Guz, W., Gawronski, M., Kosierb, A., Ligas,
J., Puchala, M., Drelich-Zbroja, A., Bednarska-Makaruk, M., Dabrowski, W., Ciara, E.,
Ksiazyk, J.B., and Pronicka, E. (2018). Leigh syndrome in individuals bearing
m.9185T>C MTATPS6 variant. Is hyperventilation a factor which starts its development?
Metab Brain Dis 33, 191-199.

Polster, B.M., Nicholls, D.G., Ge, S.X., and Roelofs, B.A. (2014). Use of potentiometric
fluorophores in the measurement of mitochondrial reactive oxygen species. Methods
Enzymol 547, 225-250.

Rahman, J., Noronha, A., Thiele, I., and Rahman, S. (2017). Leigh map: A novel computational
diagnostic resource for mitochondrial disease. Ann Neurol 81, 9-16.



142

Rahman, J., and Rahman, S. (2018). Mitochondrial medicine in the omics era. Lancet 391,
2560-2574.

Rahman, S. (2020). Mitochondrial disease in children. J Intern Med 287, 609-633.

Robinson, K.M., Janes, M.S., and Beckman, J.S. (2008). The selective detection of
mitochondrial superoxide by live cell imaging. Nat Protoc 3, 941-947.

Roelofs, B.A., Ge, S.X., Studlack, P.E., and Polster, B.M. (2015). Low micromolar
concentrations of the superoxide probe MitoSOX uncouple neural mitochondria and
inhibit complex IV. Free Radic Biol Med 86, 250-258.

Roy Chowdhury, S.K., Smith, D.R., Saleh, A., Schapansky, J., Marquez, A., Gomes, S., Akude,
E., Morrow, D., Calcutt, N.A., and Fernyhough, P. (2012). Impaired adenosine
monophosphate-activated protein kinase signalling in dorsal root ganglia neurons is
linked to mitochondrial dysfunction and peripheral neuropathy in diabetes. Brain 135,
1751-1766.

Schaefer, A.M., Taylor, R.W., Turnbull, D.M., and Chinnery, P.F. (2004). The epidemiology of
mitochondrial disorders--past, present and future. Biochim Biophys Acta 1659, 115-120.

Schubert Baldo, M., and Vilarinho, L. (2020). Molecular basis of Leigh syndrome: a current look.
Orphanet J Rare Dis 15, 31.

Shoffner, J.M., Fernhoff, P.M., Krawiecki, N.S., Caplan, D.B., Holt, P.J., Koontz, D.A., Takei, Y.,
Newman, N.J., Ortiz, R.G., Polak, M., and Et Al. (1992). Subacute necrotizing
encephalopathy: oxidative phosphorylation defects and the ATPase 6 point mutation.
Neurology 42, 2168-2174.

Skladal, D., Halliday, J., and Thorburn, D.R. (2003). Minimum birth prevalence of mitochondrial
respiratory chain disorders in children. Brain 126, 1905-1912.

Smith, R.L., Soeters, M.R., Wust, R.C.I., and Houtkooper, R.H. (2018). Metabolic Flexibility as
an Adaptation to Energy Resources and Requirements in Health and Disease. Endocr
Rev 39, 489-517.

Stendel, C., Neuhofer, C., Floride, E., Yuqing, S., Ganetzky, R.D., Park, J., Freisinger, P.,
Kornblum, C., Kleinle, S., Schols, L., Distelmaier, F., Stettner, G.M., Buchner, B., Falk,
M.J., Mayr, J.A., Synofzik, M., Abicht, A., Haack, T.B., Prokisch, H., Wortmann, S.B.,
Murayama, K., Fang, F., Klopstock, T., and Group, A.T.P.S. (2020). Delineating MT-
ATP6-associated disease: From isolated neuropathy to early onset neurodegeneration.
Neurol Genet 6, €393.

Stephan Krahenbuhls, M.C.E.P.B., and Charles, L.H. (1991). Decreased Activities of
Ubiquinol:Ferricytochrome ¢ Oxidoreductase (Complex 111) and Ferrocytochrome
¢:0Oxygen Oxidoreductase (Complex IV) in Liver Mitochondria from Rats with
Hydroxycobalamin[c-lactam]-induced Methylmalonic Aciduria. The Journal of biological
chemistry. 266, 20998-21003.

Tatuch, Y., Christodoulou, J., Feigenbaum, A., Clarke, J.T., Wherret, J., Smith, C., Rudd, N.,
Petrova-Benedict, R., and Robinson, B.H. (1992). Heteroplasmic mtDNA mutation (T----
G) at 8993 can cause Leigh disease when the percentage of abnormal mtDNA is high.
Am J Hum Genet 50, 852-858.

Taylor, R.W., Morris, A.A., Hutchinson, M., and Turnbull, D.M. (2002). Leigh disease associated
with a novel mitochondrial DNA ND5 mutation. Eur J Hum Genet 10, 141-144.



143

Uziel, G., Moroni, ., Lamantea, E., Fratta, G.M., Ciceri, E., Carrara, F., and Zeviani, M. (1997).
Mitochondrial disease associated with the T8993G mutation of the mitochondrial
ATPase 6 gene: a clinical, biochemical, and molecular study in six families. J Neurol
Neurosurg Psychiatry 63, 16-22.

Wallace, D.C., and Chalkia, D. (2013). Mitochondrial DNA genetics and the heteroplasmy
conundrum in evolution and disease. Cold Spring Harb Perspect Biol 5, a021220.

Yamamoto, H., Morino, K., Mengistu, L., Ishibashi, T., Kiriyama, K., Ikami, T., and Maegawa, H.
(2016). Amla Enhances Mitochondrial Spare Respiratory Capacity by Increasing
Mitochondrial Biogenesis and Antioxidant Systems in a Murine Skeletal Muscle Cell
Line. Oxid Med Cell Longev 2016, 1735841.

Zhadanov, S.I., Grechanina, E.Y., Grechanina, Y.B., Gusar, V.A., Fedoseeva, N.P., Lebon, S.,
Munnich, A., and Schurr, T.G. (2007). Fatal manifestation of a de novo ND5 mutation:
Insights into the pathogenetic mechanisms of mtDNA ND5 gene defects. Mitochondrion
7, 260-266.

Zhang, G., Frederick, D.T., Wu, L., Wei, Z., Krepler, C., Srinivasan, S., Chae, Y.C., Xu, X., Choi,
H., Dimwamwa, E., Ope, O., Shannan, B., Basu, D., Zhang, D., Guha, M., Xiao, M.,
Randell, S., Sproesser, K., Xu, W., Liu, J., Karakousis, G.C., Schuchter, L.M.,
Gangadhar, T.C., Amaravadi, R.K., Gu, M., Xu, C., Ghosh, A., Xu, W., Tian, T., Zhang,
J., Zha, S., Liu, Q., Brafford, P., Weeraratna, A., Davies, M.A., Wargo, J.A., Avadhani,
N.G., Lu, Y., Mills, G.B., Altieri, D.C., Flaherty, K.T., and Herlyn, M. (2016). Targeting
mitochondrial biogenesis to overcome drug resistance to MAPK inhibitors. J Clin Invest
126, 1834-1856.

Zorov, D.B., Juhaszova, M., and Sollott, S.J. (2014). Mitochondrial reactive oxygen species
(ROS) and ROS-induced ROS release. Physiol Rev 94, 909-950.



144

Chapter 4

5. Cell-permeable succinate, increases mitochondrial membrane potential and

glycolysis in Leigh syndrome patient fibroblasts

5.1. Abstract

Mitochondrial (mt) disorders represent a large group of severe genetic disorders mainly
impacting organ systems with high energy requirements. Leigh syndrome (LS) is a classic
example of a mitochondrial disorder resulting from pathogenic mutations that disrupt OXPHOS
capacities. Currently, evidence-based therapy directed towards treating LS is sparse. Recently,
the cell-permeant substrates responsible for regulating the electron transport chain (ETC) have
gained attention as therapeutic agents for mitochondrial diseases. We explored the therapeutic
effects of introducing citric acid cycle (TCA) intermediate substrate, succinate, as a cell-
permeable prodrug-NV118, to alleviate some of the mitochondrial dysfunction in LS. Results
suggest that a 24-hour treatment with prodrug NV118 elicited an upregulation of glycolysis and
mitochondrial membrane potential (MMP) while inhibiting intracellular reactive oxygen species in
LS cells. The results from this study suggest an important role for TCA intermediates in the
treatment of mitochondrial dysfunction in LS. We show here that NV118 could serve as a
therapeutic agent for LS resulting from mutations in mtDNA resulting in complex | and complex

V dysfunctions.

5.2. Introduction

Mitochondrial (mt) disorders represent a large group of severe genetic disorders mainly
impacting organ systems with high energy requirements (McFarland et al., 2010;Maglioni et al.,
2020). These disorders are clinically complex, often fatal, and occur at an estimated ratio of 1 in

10,000-15,000 live births (Khan et al., 2015;Lightowlers et al., 2015). Leigh syndrome (LS) is a
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classic example of a mitochondrial disorder resulting from pathogenic mutations that disrupt
oxidative phosphorylation (OXPHQOS) capacities (Lightowlers et al., 2015). Currently, evidence-
based therapy directed towards treating LS is sparse (Pfeffer et al., 2012;Lightowlers et al.,
2015). Recently, cell-permeant substrates responsible for regulating the electron transport chain
(ETC) have gained attention as therapeutic agents for mitochondrial diseases (Ehinger et al.,
2016;Piel et al., 2018;Lee et al., 2019;Piel et al., 2020;Avram et al., 2021a;Avram et al., 2021b).
These substrates work by increasing TCA cycle intermediates and providing alternative
substrate sources for energy production in the mitochondria. One of the mitochondrial
substrates that are currently being explored as a therapeutic option for LS is succinate (Ehinger
et al., 2016;Piel et al., 2018;0Owiredu et al., 2020a;Owiredu et al., 2020b;Piel et al., 2020;Avram
et al., 2021a;Avram et al., 2021b). Conversion of succinyl-CoA by the enzyme succinyl-CoA
synthetase yields free succinate as an intermediate substrate of the citric acid cycle, to form
GTP which further donates its terminal phosphate group to ADP to form ATP (Johnson et al.,
1998). Succinate is further dehydrogenated to fumarate by the flavoprotein succinate
dehydrogenase (SDH), which is tightly embedded in the inner mitochondrial membrane. SDH
also known as complex Il contains a covalently bound Flavin adenine nucleotide (FAD) which
gets simultaneously reduced to FADH.. In turn, FADH, contributes to the ETC by transferring
electrons to complex Il when ubiquinone (CoQ) is further reduced to ubiquinol (CoQH-) (Protti,
2018). Succinate is presumed to represent one of the major sources of electrons for
mitochondrial reactive oxygen species (ROS) when it is oxidized by the ETC to reduce oxygen
to superoxide (Vyssokikh et al., 2020). Succinate also contributes to the elimination of
superoxide and H>O- production (Quinlan et al., 2012), suggesting complex Il to be an important
contributor for regulating ROS homeostasis. Thus SDH, couples two major pathways in the
mitochondria, the citric acid cycle and the ETC, both being essential for oxidative

phosphorylation (Tretter et. al 2016).
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In healthy mitochondria, Cl-linked respiration is largely responsible for the ETC activity and
subsequent ATP production by complexes, | II, lll IV, and V (Protti, 2018). Consequently,
inhibition of complex I (Cl) activity can interfere with the majority of ATP production in the
mitochondria. Chronic CI dysfunction can result in upregulation of the glycolytic pathway,
elevated lactic acid production, and cell death. Succinate oxidation offers an alternate source of

electron for OXPHOS, bypassing Cl-linked respiration.

Succinate is a dicarboxylic acid that takes the form of an anion in living organisms. As such,
it is not cell membrane permeable and has limited uptake into cells when given exogenously
(Ehinger et al., 2016). To overcome this limitation, prodrugs of succinate were developed and
screened for cell permeability (Ehinger et al., 2016). NV101-118 (NV118, diacetoxymethyl
succinate), hereafter referred to as NV118, is one of the successful cell membrane-permeable
prodrugs of succinate that was recently developed (Ehinger et al., 2016). Since its development,
NV118 has been used as therapeutics for various diseases such as diabetes, carbon monoxide
poisoning, and cardiovascular injury (Ehinger et al., 2016;Piel et al., 2018;Janowska et al.,
2020;0wiredu et al., 2020a;0wiredu et al., 2020b;Piel et al., 2020;Avram et al., 2021a;Avram et
al., 2021b). NV118 is currently in clinical trials and in use for various cellular models of diseases
associated with Cl-dysfunction (Ehinger et al., 2016;Piel et al., 2018;Janowska et al., 2020;Piel
et al., 2020;Avram et al., 2021a;Avram et al., 2021b). In all of these models, NV118 improved
mitochondrial functions, as evidenced by increased Cll-linked respiration, membrane potential,
ATP production, and a decrease in lactic acidosis (Ehinger et al., 2016;Piel et al.,
2018;Janowska et al., 2020). Furthermore, recent studies have shown improvement in
mitochondrial respiration with NV118 in cellular models with inhibition of downstream ETC
enzymes like CIV (Owiredu et al., 2020a;Owiredu et al., 2020b). These studies suggest that

NV118 can improve mitochondrial respiration by other means aside from elevating Cll activity.



147

As described in chapters 2 (Bakare et al., 2021) and 3, we reported fragmented/hyper fused
mitochondrial morphology, abnormal ETC enzyme activity, depressed mitochondrial function,
decreased ROS, and membrane potential in fibroblast cells modeling for LS. The LS cells
harbored pathogenic point mutation in the mtDNA at T8993G in the MTATP6 gene causing
complex V deficiency and T10158C in the MTND3 gene and T12706C in MTND5 gene causing
complex | deficiency. A commercially available fibroblast cell line (BJ-FB) was used as a healthy

control line.

In the present study, we used the same fibroblast cells modeling for LS and the control BJ
cell line and treated them for 24 hours (lyer et al., 2009;Keeney et al., 2009;lyer et al., 2012)
with varying concentrations of NV118 to measure changes in mitochondrial function and
oxidative stress. Our results suggest that 24-hour treatment with 100uM NV118 can rescue
some of the mitochondrial dysfunction in treated LS cells compared to the untreated cells. We
report for the first time that after a 24-hour treatment with 100uM NV118 cellular bioenergetics
improved as a result of upregulation of glycolysis, TCA cycle, and mitochondrial membrane
potential (MMP). We show that the most sustained change was in glycolysis, as mitochondrial
respiration remained the same after 24-hour treatment with NV118. Together, our results

suggest that NV118 could serve as a therapeutic agent for the treatment of LS.

5.3. Results

5.3.1. Effect of NV118 on cell viability and mitochondrial respiration in non-

permeabilized (intact) control BJ-FB cell line

We first assessed the effect of different concentrations of NV118 on the viability of intact
control BJ-FB cells. Cell viability was measured following a 30-minutes exposure to 50uM,
100uM, or 150uM NV118. As a control, phenol red-free MEM (vehicle) was added to the wells

without NV118 drug treatment. To ensure scientific rigor and reproducibility, analysis was
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conducted on the control cell lines (n = 5) at passage eight. Results indicate no significant

difference between the NV118 treated and untreated control BJ-FB cell lines (Figure 5.3.1.a).

Next, we assessed mitochondrial respiration in intact control BJ-FB cell line using the same
NV118 concentrations and vehicle. Oxygen consumption rate (OCR) using a Seahorse XFe96
flux analyzer was measured after acute treatment with 50uM, 100pM, 150uM NV118, or vehicle.
Basal respiration was recorded before injection of the different concentrations of NV118.
Subsequently, other oxidative phosphorylation properties were measured including proton leak,
maximal respiration, and non-mitochondrial respiration, after sequential injections of ATP
synthase inhibitor oligomycin, the uncoupler carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone FCCP, complex I inhibitor Rotenone, and complex Il inhibitor Antimycin A into

the wells.

As expected, before NV118 was administered into the cell culture plates, the basal
respiration for the control BJ-FB cell lines was similar between all treatment groups (Figure
5.3.1.b). The addition of NV118 resulted in a dose-dependent response of the oxidative
phosphorylation properties recorded. Results show a significant increase (p<0.0001) in ATP
production (Figure 5.3.1.c) in the NV118 treatment groups. The highest increase in ATP
production was observed in the BJ-FB with 100uM NV118 treatment (23%), while both 50uM
and 150puM NV118 treatment resulted in a 19% increase in ATP production relative to the
untreated group. Although NV118 resulted in a significant increase in ATP rate, we also
observed a significant increase (p<0.01) in proton leak (Figure 5.3.1.d) with 100uM (by 39%)
and 150uM (by 49%) NV118 treatment relative to the untreated group. While the leak was not
significantly different in the 50uM treatment group, proton leak increased by 26% relative to the
untreated group. The increase in leak suggests that NV118 treatment results in mild uncoupling
of the mitochondrial membrane. Indeed, there was a 3% and 4% decrease in coupling efficiency

(Figure 5.3.1.e) for the 50uM and 100uM NV118 treatment respectively. While the decrease in
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coupling efficiency was not significant in this treatment group, 150uM NV118 treatment
significantly decreased (p<0.05) coupling efficiency by 5% compared to the untreated group.
The maximum respiration rate (Figure 5.3.1.f) caused by the addition of FCCP showed a
significant increase of 16% (p<0.05) in 50uM, 23% (p<0.001) increase in 100uM, and 22%
(p<0.001) increase in 150uM NV118 treatment groups relative to the untreated BJ-FB cell lines.
The observed significant increase in maximal respiration upon treatment suggests that NV118

increases the cells’ ability to rapidly oxidize substrates when the metabolic need arises.

In our earlier work (manuscript under review, chapter 3) we have shown that spare
respiratory capacity (SRC) is an important bioenergetics variable required by cells to adapt and
respond to ATP demand (see section 4.3.5). The result in this study showed a significant
increase (p<0.05) in SRC values (Figure 5.3.1.g) by 13% in the 50uM, and by 14% in the
100uM and 150uM treatment compared to the untreated group. The observed significant
increase in SRC indicates that NV118 treatment could help BJ-FB cells adapt when there is a
sudden increase in ATP demand. Finally, the mitochondrial respiration was inhibited by
simultaneously treating cells with rotenone and antimycin A. Non-mitochondrial respiration,
which is typically attributed to the non-ETC oxidases present in the cell (Hill et al., 2012) was
significantly higher in the 50uM (20%) and 150uM (22%) treatment groups relative to the
untreated cell lines (Figure 5.3.1.h). However, non-mitochondrial respiration was not

significantly different when BJ-FB cell lines were treated with 100uM NV118.

Based on the dose-response and effects on non-mitochondrial respiration (Figure 5.3.1.h),
ATP production (Figure 5.3.1.c), and the SRC (Figure 5.3.1.g), 100uM NV118 was selected as

the optimal concentration for further evaluation on the diseased cell lines.
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Figure 5.3.1. Cell viability and mitochondria respiration profile of CTL BJ-FB cell line after
NV118 treatment. Control BJ-FB were treated with 0 uM, 50 uM, 100 pM, or 150 uM NV118 for
30-minutes, and (a) Cell viability was assessed. Oxygen consumption rate (OCR) under basal
conditions and after the addition of NV118 was measured. The following respiration parameters
were recorded (b) basal respiration, (c) ATP production rate, (d) proton leak, (e) coupling
efficiency, (f) maximal respiration, (g) spare respiratory capacity, and (h) non-mitochondrial
respiration after Rot/AA injection. All parameters are in pmol/min/1000 cells. Data are mean +/-
SD. Experiments were repeated at least three times on different days under the same
conditions. *p<0.05 **p<0.01 ***p<0.001 ****p<0.00001. Pink, dark gray, light gray, and tan bar
represents treatment with 0 uM (vehicle), 50 uM, 100 uM, and 150 uM NV118 respectively.
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5.3.2. The glycolytic pathway is upregulated in the control BJ-FB cell lines after 24-hour

treatment with NV118

One of the hallmarks of LS is lactic acidosis resulting from the conversion of pyruvate to
lactate to maintain the NAD+ pool (Ehinger et al., 2016). The result from the optimization
studies led to the hypothesis that NV118 improves mitochondrial function and decreases the
dependence of the cells on lactate production. Since succinate is a substrate that connects the
TCA cycle with the ETC, we also wanted to understand how NV118 affects the TCA cycle and
cellular respiration. Therefore, cellular glycolysis was examined to understand the impact of
NV118 on this metabolic pathway. Using a Seahorse XFe96 flux analyzer, proton efflux rate
(PER) rate was measured in the control BJ-FB cell line after a 24-hour treatment with 200uM
NV118 or equivalent amount of vehicle (phenol-red free MEM). At the end of this assay, basal
glycolysis, glycolysis-derived ATP, glycolytic capacity, and non-glycolytic respiration values
were obtained. To ensure scientific rigor and reproducibility, analysis was conducted on the

control cell line (n=3) at passage eight.

The results show a significant increase (p<0.01) by 15% in basal glycolysis (Figure 5.3.2.a)
in the control BJ-FB upon +NV118 treatment when compared with the untreated group. This
increase corresponded to a significant (by 13%; p<0.01) increase in the ATP derived (Figure
5.3.2.b) from glycolysis in the BJ-FB cell upon NV118 treatment. When the mitochondria were
inhibited with rotenone and antimycin A to drive the cells’ dependence on glycolysis, glycolytic
capacity (Figure 5.3.2.c) significantly increased (p<0.01) by 13% in the NV118 treatment group
relative to the untreated group. The addition of the glycolysis inhibitor, 2-deoxyglucose resulted
in a significantly higher PER, as measured by an increase in post-2DG acidification (Figure
5.3.2.d) in BJ-FB (p<0.01, 20%) NV118 treatment group compared to the untreated group.
These results together indicate that NV118 treatment increased utilization of TCA substrate;

hence, the glycolytic pathway had to be upregulated to make pyruvate and acetyl-CoA shuttle
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into the TCA cycle. The slight increase in mitoPER (by 2%) recorded in the BJ-FB (Figure
5.3.2.e) with NV118 treatment further supports this hypothesis. Furthermore, we observed a 2%
decrease in glycoBHI (Figure 5.3.2.f), further strengthening the possibility that NvV118
upregulates the glycolytic pathway to contribute towards TCA substrates and not lactate

production.
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Figure 5.3.2. Glycolytic respiration profile of CTL BJ-FB cell line after NV118 treatment.
Control BJ-FB was treated with 100 uM NV118 or vehicle (phenol-red free MEM) for 24-hours,
and Proton Efflux Rate (PER) was measured at the end of the 24-hour treatment period. Cell
line showing (a) basal glycolysis, (b) GlycoATP production rate, (c) glycolytic capacity after
blocking ETC using Rot/AA, (d) post-2DG acidification (non-glycolytic acidification), (e)
mitoPER, and (f) glycoBHI. All parameters are in pmol H/min/1000 cells. Data are mean +/- SD.
Experiments were repeated at least three times on different days under the same conditions.
**p<0.01, ns = not significant. Gray bar represents treatment with vehicle (-NV118), while tan
bar represents treatment with 100 pM NV118 (+NV118).
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5.3.3. Treatment with NV118 for 24-hours significantly increased glycolysis in LS cells
harboring mtDNA mutation T10158C in MTND3 gene but not in LS cells with mtDNA

mutation T12706C in MTND5 gene affecting CI function

Having examined the effect of NV118 on control BJ-FB lines, we proceeded to analyze the
effect on diseased cell lines. We next examined the two cell lines modeling LS harboring
pathogenic mutant DNA in MTND3 (SBG4-FB (T10158C)), and MTND5 (SBG5-FB (T12706C))
gene causing a complex | defect. Glycolytic rate assay was performed after 24-hour treatment
with 100uM NV118 or equivalent amount of vehicle (phenol-red free MEM). The same glycolytic

parameters were recorded as those of the BJ-FB cell lines.

Basal glycolysis (Figure 5.3.3.1.a, 5.3.3.2.a) was higher by 13% (p<0.05) and 9% in SBG4-
FB (T10158C) and SBG5-FB (T12706C) respectively when NV118 was added. Glycolytic ATP
production rate (glycoATP) was also higher in SBG4-FB (T10158C) (by 15%; p<0.01) (Figure
5.3.3.1.b) and SBG5-FB (T12706C) (9%) (Figure 5.3.3.2.b) cell lines in the NV118 treatment
relative to the untreated group. When the mitochondria were inhibited with rotenone and
antimycin A to induce glycolysis, glycolytic capacity also increased in both SBG4-FB (T10158C)
(11%; p<0.05) (Figure 5.3.3.1.c) and SBG5-FB (T12706C) (12%) (Figure 5.3.3.2.c) in the
presence of NV118. The addition of the glycolysis inhibitor, 2-deoxyglucose resulted in a
significant increase (p<0.01) in post-2DG acidification in SBG4-FB (T10158C) (27%) (Figure
5.3.3.1.d), and SBG5-FB (T12706C) (27%) (Figure 5.3.3.2.d) in the NV118 treatment
compared to untreated samples. Similar to the observation in the control BJ-FB, NV118
treatment increased utilization of TCA substrates; hence, leading to the upregulation of the
glycolytic pathway in these cell lines. Although not statistically significant, the 5% increase in
mitoPER recorded in the SBG5-FB (T12706C) (Figure 5.3.3.2.e) with NV118 treatment
supports the increased activity of TCA cycle enzymes. In SBG4-FB (T10158C) cells with NV118

treatment, the results showed a decreased trend in mito PER values (Fig. 5.3.3.1.e). We
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observed a trend towards a higher glycoBHI (Figure 5.3.3.1.f) in the SBG4-FB (T10158C) cells
(3% increase) when NV118 was present, while the glycoBHI (Figure 5.3.3.2.f) stayed relatively
the same in both the SBG5-FB (T12706C) treated and untreated samples Although NV118
treatment upregulated glycolysis in both cell lines, NV118 treatment in SBG4-FB (T10158C)
does not result in a corresponding increase in TCA cycle substrate production, evidenced by the
lower mitoPER (Figure 5.3.3.1.e & 5.3.3.2.e). Conversely, the upregulated glycolysis in SBG4-
FB (T10158C) with NV118 treatment could be contributing to lactic acid production or other
unknown pathways. Taken together, the results from the glycolytic respiration suggest that the
location of the subunit affected by each mtDNA mutation influences the metabolic response with

NV118 treatment.
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Figure 5.3.3.1. Glycolytic respiration profile of SBG4-FB (T10158C) cell line after NV118
treatment. SBG4-FB (T10158C) were treated with 100 pM NV118 or vehicle (phenol-red free
MEM) for 24-hours, and Proton Efflux Rate (PER) was measured at the end of the 24-hour
treatment period. Cell line showing (a) basal glycolysis, (b) GlycoATP production rate, (c)
glycolytic capacity after blocking ETC using Rot/AA, (d) post-2DG acidification (non-glycolytic
acidification), (e) mitoPER, and (f) glycoBHI. All parameters are in pmol H*/min/1000 cells. Data
are mean +/- SD. Experiments were repeated at least three times on different days under the
same conditions. *p<0.05, **p<0.01, ns = not significant. The blue bar represents treatment with
vehicle (-NV118), while the purple bar represents treatment with 100 puM NV118 (+NV118).
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Figure 5.3.3.2. Glycolytic respiration profile of SBG5-FB (T12706C) cell line after NV118
treatment. SBG5-FB (T12706C) were treated with 100 uM NV118 or vehicle (phenol-red free
MEM) for 24-hours, and Proton Efflux Rate (PER) was measured at the end of the 24-hour
treatment period. Cell line showing (a) basal glycolysis, (b) GlycoATP production rate, (c)
glycolytic capacity after blocking ETC using Rot/AA, (d) post-2DG acidification (non-glycolytic
acidification), (e) mitoPER, and (f) glycoBHI. All parameters are in pmol H*/min/1000 cells. Data
are mean +/- SD. Experiments were repeated at least three times on different days under the
same conditions. *p<0.05, *p<0.01, ns = not significant. The light blue bar represents treatment
with vehicle (-NV118), while the green bar represents treatment with 100 uM NV118 (+NV118).
5.3.4. NV118 did not significantly increase glycolysis in LS cells harboring pathogenic

mtDNA mutation (T8993G) in MTATP6 gene affecting complex V

Most studies on administering succinate prodrug NV118 have focused on using it as therapy
for disorders resulting from Cl-deficiencies containing nuclear DNA mutations (Ehinger et al.,
2016;Piel et al., 2018;Piel et al., 2020;Avram et al., 2021b). However, some recent studies have
suggested improvement in mitochondrial function when NV118 was used to treat disorders
resulting from CIV dysfunction (Owiredu et al., 2020a;Owiredu et al., 2020b). Since glycolysis

was upregulated in the control BJ-FB without ETC defects, we wanted to investigate the effect
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of NV118 on glycolysis in LS cell lines with mutations affecting CV (ATP synthase) of the ETC.
For this purpose, two LS patient fibroblast cell lines carrying point mutation T8993G in MTATP6
gene (SBG1-FB (T8993G) with >96% heteroplasmy and SBG2-FB (T8993G) with >91%
heteroplasmy) were selected for these experiments. Following the same approach as before,
Glycolysis rate assays were estimated after a 24-hour treatment with 200uM NV118 or

equivalent amount of vehicle (phenol-red free MEM) in all the cell lines.

There was statistically no significant difference in any of the parameters (Figure 5.3.4.1. &
5.3.4.2.)) recorded for both SBG1-FB (T8993G) and SBG2-FB (T8993G) in the presence of
NV118 when compared with the vehicle MEM treated cells ( denoting —NV118). Although
SBG1-FB (T8993G) and SBG2-FB (T8993G) cells showed trends towards an upregulation in
the glycolytic pathway. In SBG1-FB (T8993G) cells, basal glycolysis, glycoATP, glycolytic
capacity, and post-2DG acidification (Figure 5.3.4.1.) showed increasing trends by 24%, 23%,
23%, and 25% respectively in the NV118 treatment group relative to the untreated group.
However, the increase was modest in the SBG2-FB (T8993G) cell lines. We recorded a 5%,
4%, 2%, and 4% increase in basal glycolysis, glycoATP, glycolytic capacity, and post-2DG
acidification (Figure 5.3.4.2.) respectively in the SBG2-FB (T8993G) cell line after NV118
treatment. The mitoPER (Figure 5.3.4.1.e) in SBG1-FB (T8993G) exhibited a (2% increase)
similar to what was estimated for SBG5-FB (T12706C) cells, while SBG2-FB (T8993G) (Figure
5.3.4.2.e) exhibited a (2% decrease) similar to what was observed for SBG4-FB (T10158C)
cells. Overall, the glycoBHI for SBG1-FB (T8993G) decreased by (3%) (Figure 5.3.4.1.f) and
decreased by (2%) in SBG2-FB (T8993G) cells (Figure 5.3.4.2.f) treated with NV118 compared

to the untreated group.



157

Basal glycolysis GlycoATP production rate Glycolytic capacity
ns ns
@ 25+ w @ 304 ns
3 3 257 T
o o (5]
=3 =3 (=3
g% { 8 207 8 !
o g < 20+
£ 154 o £ g £
E s E™ ) E .~
| — T = b e
s 10 5 109 S 104
£ E E
= = o
— 5 = 5 -
4 ['4 o
w w w
o o & o ' T
hd T T hd T T
-NV118 +NV118 -NV118 +NV118 -NV118 +NV118
Treatment Treatment Treatment
d - . e . f
Post-2DG acidification MitoPER GlycoBHI
_ ns ns
© 44 » 1.0q ns 7 247 ]
[T} > =
; - © g
S 2 0.8 — I
S 31 § § 2.2
E ] € 0.6 ?éfl T g .
£ 2 T E ‘E 2.0
T 1 T 0.4 T
g g 3
1 E 1.8
e £ 0.2+ £
E & =
0 T T 2 0.0 T T o 1.6 T T
-NV118 +NV118 -NV118 +NV118 -NV118 +NV118
Treatment Treatment Treatment

Figure 5.3.4.1. Glycolytic respiration profile of SBG1-FB (T8993G) cell line after NV118
treatment. SBG1-FB (T8993G) were treated with 100 uM NV118 or vehicle (phenol-red free
MEM) for 24-hours, and Proton Efflux Rate (PER) was measured at the end of the 24-hour
treatment period. Cell line showing (a) basal glycolysis, (b) GlycoATP production rate, (c)
glycolytic capacity after blocking ETC using Rot/AA, (d) post-2DG acidification (non-glycolytic
acidification), (e) mitoPER, and (f) glycoBHI. All parameters are in pmol H*/min/1000 cells. Data
are mean +/- SD. Experiments were repeated at least three times on different days under the
same conditions. ns = not significant. The red bar represents treatment with vehicle (-NV118),
while the pink bar represents treatment with 100 uM NV118 (+NV118).
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Figure 5.3.4.2. Glycolytic respiration profile of SBG2-FB (T8993G) cell line after NV118
treatment. SBG2-FB (T8993G) were treated with 100 uM NV118 or vehicle (phenol-red free
MEM) for 24-hours, and Proton Efflux Rate (PER) was measured at the end of the 24-hour
treatment period. Cell line showing (a) basal glycolysis, (b) GlycoATP production rate, (c)
glycolytic capacity after blocking ETC using Rot/AA, (d) post-2DG acidification (non-glycolytic
acidification), (e) mitoPER, and (f) glycoBHI. All parameters are in pmol H*/min/1000 cells. Data
are mean +/- SD. Experiments were repeated at least three times on different days under the
same conditions. ns = not significant. The dark red bar represents treatment with vehicle (-
NV118), while the pink bar represents treatment with 100 uM NV118 (+NV118).

5.3.5. 24-hour treatment with NV118 does not induce cellular ROS production in LS or

control fibroblast cells

Next, we investigated the effects of NV118 on cellular ROS production in control and
fibroblast cells modeling LS, and harboring pathogenic mtDNA variants (T8993G, T10158C,
T12706C), in MTATP6, MTND3, and MTND5 genes leading to complex V and | defect and
depressed ATP production. Previous reports have shown that supplying mitochondria with a
substantial increase in succinate concentration results in reverse electron transport (RET),

consequently, increasing reactive oxygen species (ROS) production (Chance and Hollunger,
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1961;Scialo et al., 2016;Scialo et al., 2017). Therefore, we wanted to test whether the four
vulnerable LS cells treated with 100uM NV118 (succinate) for 24-hours would generate reactive
oxygen species in the presence of NV118. LS and BJ control FB cells were grown to 80%
confluency and treated with 20uM DCFDA/H.DCFDA (2’,7’-dichlorofluorescein diacetate) and
vehicle for 24 hours (see material methods for details). The following day a BioTek plate
reader was used to record the fluorescent intensity for each cell line. Data were background
corrected to reduce background noise from excitation and emission crosstalk. DCFDA is a
fluorogenic probe that diffuses freely into cells. When inside a cell, cellular esterases in the cells
deacetylate this probe, converting it into a non-fluorescent compound. In the presence of
hydroxyl, peroxyl, and other reactive oxygen species (ROS), DCFDCA gets oxidized to a highly
fluorescent compound, DCF (2’,7’-dichlorofluorescein) which can be detected by a plate reader

with excitation/emission at 485nm/535nm.

Results indicate that there was no significant difference in ROS production between the
NV118 treatment and untreated group in all cell lines (Figure 5.3.5.). It has been reported
previously that high concentrations of succinate could exert inhibitory effects on mitochondrial
respiration (Gonzalez-Meler et al., 1996;Tretter et al., 2016). Furthermore, high concentrations
of succinate could result in upregulation of RET, contributing to an increase in ROS production
and subsequent cellular apoptosis (Scialo et al., 2016;Tretter et al., 2016;Scialo et al., 2017).
Treatment with NV118 did not result in any significant changes to cellular ROS production in
either the control BJ-FB or any of the diseased cell lines. As indicated above, we expected that
if NV118 results in RET, we would observe a significant increase in ROS production in all cell
lines after NV118 treatment. Since we did not observe an increase in ROS in the presence of
NV118, this indicates that the NV118 concentration (100uM) used in this study did not
oversaturate the Quinone pool (Q-pool) nor increase RET in either the LS or control cell lines.

Mutations resulting in disturbances to ClIlI activity have been reported to result in ROS
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production as well (Quinlan et al., 2012), our result further suggests that the addition of NvV118

did not negatively affect the functions of CII.
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Figure 5.3.5. Cellular ROS production in CTL BJ-FB and LS diseased fibroblast. All cell
lines were treated with 100 uM NV118 or vehicle (phenol-red free MEM) for 24-hours, and
cellular ROS was measured at the end of the 24-hour treatment period using
DCFDA/H.DCFDA. Cellular ROS in a) control CTL BJ-FB cell lines and cell lines with (b-c) CV-
defect (SBG1-FB (T8993G) and SBG2-FB (T8993G)), and (d-e) Cl-defect with and without
NV118 treatment. Data are mean +/- SD. Experiments were repeated at least three times on
different days under the same conditions. *p<0.05, **p<0.01.
5.3.6. Mitochondrial membrane potential significantly improved in SBG4-FB (T10158C)
and SBG5-FB (T12706C) exhibiting Cl-defect and SBG2-FB (T8993G) with CV-defect

after 24-hour treatment with NV118

Respiratory complex Il oxidizes succinate to fumarate as part of the citric acid cycle and
reduces ubiquinone to ubiquinol in the ETC. Previous experimental evidence suggested that
prodrug NVII8 (complex Il substrate, succinate) did not play a significant role in the production

of physiological or pathological intracellular reactive oxygen species in LS or control BJ cells.
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Therefore, we sought to understand the effects of prodrug NV118 treatment on mitochondrial
membrane potential (MMP) in LS fibroblast cells and BJ control cells harboring pathogenic
mMtDNA (four LS: SBG1-FB (MTATP6-T8993G), SBG2-FB (MTATP6-T8993G), SBG4-FB
(MTND3-T10158C), SBG5-FB (MTND5-T12706C) one CTL: BJ-FB). All cells were treated with
100uM NV118 or vehicle (phenol-red free MEM) for 24-hours and flow cytometry methods were
used to measure MMP with TMRE (tetramethylrhodamine, ethyl ester) (see material and
methods for details). TMRE is a positively charged dye that is attracted to the negative potential
across the inner mitochondrial membrane and thus accumulates in functionally active
mitochondria in live cells (Cottet-Rousselle et al., 2011). In active mitochondria, TMRE is
sequestered in the matrix because of the negative charge in the matrix of these mitochondria.
Depolarized or inactive mitochondria are not able to sequester TMRE as the MMP is
compromised in these mitochondria. In this study, MMP was measured as mean fluorescent

intensity (MFI) in all cell lines.

Results from this study showed that cells upon treatment with prodrug NV118, SBG2-FB
(T8993G), SBG4-FB (T10158C), and SBG5-FB (T12706C) cells exhibited a significant increase
in MMP by: 306% in SBG2-FB (T8993G) (p<0.05) (Figure 5.3.6.3.a), 329% in SBG4-FB
(T10158C) (p<0.01) (Figure 5.3.6.4.a), and 66% in SBG5-FB (T12706C) (p<0.05) (Figure
5.3.6.5.a) compared to the untreated group. MMP stayed the same in the control BJ-FB (Figure
5.3.6.1.a) and SBG1-FB (T8993G) (Figure 5.3.6.2.a) cell line between the treated and
untreated groups. This result suggests that prodrug NV118 increased electron flux and proton
translocation into the mitochondrial intermembrane space (IMS) in the SBG2-FB (T8993G),
SBG4-FB (T10158C), and SBG5-FB (T12706C), cell lines. The data is consistent with other
reports elsewhere that have shown the addition of prodrug NV118 increased MMP indicative of
mitochondrial oxidation of succinate via succinate dehydrogenase (complex Il) (Ehinger et al.,

2016).
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When the uncoupler, cyanide p-trifluoromethoxyphenylhydrazone (FCCP), was added to
depolarize the mitochondria, all cell lines responded to this treatment by exhibiting a decrease in
MMP relative to the TMRE only treatment (Figure 5.3.6.1.-6. d&e). While TMRE+FCCP
resulted in depolarization in all of the cell lines, a comparison between the untreated and NV118
treated groups showed that the SBG2-FB (T8993G) cells (Figure 5.3.6.3.b) revealed an
additional defect apart from complex V deficiency. In our previous studies, we reported that
SBG2-FB (T8993G) has an uncoupling defect (Bakare et al., 2021) because the cells were
unresponsive to FCCP treatment. In this study, we observed that in the NV118 untreated group,
MMP was indistinguishable between the TMRE only and TMRE+FCCP treatment group (Figure
5.3.6.3.d). Upon addition of NV118, there was an overall increase in MMP between TMRE and
TMRE+FCCP treatment group, indicating succinate induced depolarization of the inner
mitochondrial membrane upon addition of uncoupler-FCCP in SBG2-FB (T8993G) cells (Figure
5.3.6.3.e). This result suggests that the mutation in the SBG2-FB (T8993G) cells also affects the

ability of this cell line to properly oxidize substrates.

Finally, we evaluated MMP in the presence of Oligomycin. As expected, the addition of
Oligomycin resulted in hyperpolarization in all the cell lines in the NV118 untreated group
(Figure 5.3.6.1.-6.d). In the presence of prodrug NV118 and oligomycin, the mitochondria
became depolarized in most of the cell lines (Figure 5.3.6.1.-6.€). This is evident by the
significant decrease in MMP in the SBG2-FB (T8993G) (by 67%; p<0.01) (Figure 5.3.6.3.c),
SBG4-FB (T10158C) (by 60%; p<0.0001) (Figure 5.3.6.4.c), and SBG5-FB (T12706C) (by
65%; p<0.01) (Figure 5.3.6.5.¢), and the trend towards a decrease in control BJ-FB (by 31%)
(Figure 5.3.6.1.c) between the NV118 treated and untreated groups. This observation could be
attributed to proton leak caused by inhibition of the ATP synthase. To maintain substrate

oxidation by complex Il when the ATP synthase activity is inhibited, some of the protons could



be leaking into the matrix to maintain the electron flux. Interestingly, there was no change in

MMP in SBG1-FB (T8993G) cells (Figure 5.3.6.2.c) after the addition of Oligomycin.
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Figure 5.3.6.1. Mitochondrial membrane potential (MMP) analysis of BJ-FB with and

without NV118. Using flow cytometry, along with membrane-potential sensitive dye (TMRE),

MMP was evaluated. Mean fluorescence intensity (MFI) was calculated based

independent runs and are shown for CTL BJ-FB. The top panel shows comparisons between

on three

NV118 treated and untreated groups when (a) stained with TMRE only (b) stained with
TMRE+FCCP and (c) stained with TMRE+oligomycin. The bottom panel shows comparison
between TMRE only, TMRE+FCCP, and TMRE+oligomycin in the d) NV118 untreated groups
and e) NV118 treated group. *p<0.05** p<0.01*** p<0.001 ****p<0.00001. Light red, yellow, and
dark gray bars represent treatment with vehicle (-NV118). While dark red, yellow, and tan bars

represent NV118 treatment groups (+NV118).
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Figure 5.3.6.2. Mitochondrial membrane potential (MMP) analysis of SBG1-FB (T8993G)
with and without NV118. Using flow cytometry, along with membrane-potential sensitive dye
(TMRE), MMP was evaluated. Mean fluorescence intensity (MFI) was calculated based on three
independent runs and are shown for SBG1-FB (T8993G). The top panel shows comparisons
between NV118 treated and untreated groups when (a) stained with TMRE only (b) stained with
TMRE+FCCP and (c) stained with TMRE+oligomycin. The bottom panel shows comparison
between TMRE only, TMRE+FCCP, and TMRE+oligomycin in the d) NV118 untreated groups
and e) NV118 treated group. *p<0.05** p<0.01*** p<0.001 ****p<0.00001. Light red, yellow, and
dark gray bars represent treatment with vehicle (-NV118). While dark red, yellow, and tan bars
represent NV118 treatment groups (+NV118).
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Figure 5.3.6.3. Mitochondrial membrane potential (MMP) analysis of SBG2-FB (T8993G)
with and without NV118. Using flow cytometry, along with membrane-potential sensitive dye
(TMRE), MMP was evaluated. Mean fluorescence intensity (MFI) was calculated based on three
independent runs and are shown for SBG2-FB (T8993G). The top panel shows comparisons
between NV118 treated and untreated groups when (a) stained with TMRE only (b) stained with
TMRE+FCCP and (c) stained with TMRE+oligomycin. The bottom panel shows comparison
between TMRE only, TMRE+FCCP, and TMRE+oligomycin in the d) NV118 untreated groups
and e) NV118 treated group *p<0.05** p<0.01*** p<0.001 ****p<0.00001. Light red, yellow, and
dark gray bars represent treatment with vehicle (-NV118). While dark red, yellow, and tan bars
represent NV118 treatment groups (+NV118).
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Figure 5.3.6.4. Mitochondrial membrane potential (MMP) analysis of SBG4-FB (T10158C)
with and without NV118. Using flow cytometry, along with membrane-potential sensitive dye
(TMRE), MMP was evaluated. Mean fluorescence intensity (MFI) was calculated based on three
independent runs and are shown for SBG4-FB (T10158C). The top panel shows comparisons
between NV118 treated and untreated groups when (a) stained with TMRE only (b) stained with
TMRE+FCCP and (c) stained with TMRE+oligomycin. The bottom panel shows comparison
between TMRE only, TMRE+FCCP, and TMRE+oligomycin in the d) NV118 untreated groups
and e) NV118 treated group. *p<0.05** p<0.01*** p<0.001 ****p<0.00001. Light red, yellow, and
dark gray bars represent treatment with vehicle (-NV118). While dark red, yellow, and tan bars
represent NV118 treatment groups (+NV118).



167

1
=2
(1]

TMRE only - SBGS TMRE + FCCP - SBG5 TMRE + Oligomycin - SBG5

*
250000 ns

= = =
w w w
g g g
2 5000000+ oy 2 5000000
2 : 2
£ 4000000+ S 200000 S 4000000
£ £ £
E 3000000 E 150000 E 3000000
[} Q o
@ 2000000~ @ @ 100000+ s ¢ 2000000+ I
E] S g o
3 . 2 50000 3 - .
Z 1000000 2 2 1000000 :
e s 1=
H T T 2 T T 3 T 4.:F
= SBGS5(-NV118)  SBG5(+NV118) = SBGS5(-NV118)  SBG5(+NV118) = SBG5(-NV118)  SBG5(+NV118)
Treatment Treatment Treatment
d e

-NV118 - SBG5 +NV118 - SBGS

- *%

4000000
3000000
2000000 @

*kkk

5000000~y

4000000

3000000

Mean Fluorescent Intensity (MFI)
Mean Fluorescent Intensity (MFI)

2000000 $
o
1000000 1000000+
e
T L T T T T
TMRE FCCP Oligo TMRE FCCP Olige
Treatment Treatment

Figure 5.3.6.5. Mitochondrial membrane potential (MMP) analysis of SBG5-FB (T12706C)
with and without NV118. Using flow cytometry, along with membrane-potential sensitive dye
(TMRE), MMP was evaluated. Mean fluorescence intensity (MFI) was calculated based on three
independent runs and are shown for SBG5-FB (T12706C). The top panel shows comparisons
between NV118 treated and untreated groups when (a) stained with TMRE only (b) stained with
TMRE+FCCP and (c) stained with TMRE+oligomycin. The bottom panel shows comparison
between TMRE only, TMRE+FCCP, and TMRE+oligomycin in the d) NV118 untreated groups
and e) NV118 treated group. *p<0.05** p<0.01*** p<0.001 ****p<0.00001. Light red, yellow, and
dark gray bars represent treatment with vehicle (-NV118). While dark red, yellow, and tan bars
represent NV118 treatment groups (+NV118).

5.3.7. Mitochondrial bioenergetics were not altered in LS cell lines after 24-hour

treatment with prodrug NV118

We next hypothesized that an increase in MMP would perhaps contribute to mitochondrial
respiration in the diseased LS cell lines. To test this hypothesis, a mitochondrial stress test was
performed on the four LS cell lines and the control BJ-FB cell line. Using a Seahorse XFe96 flux
analyzer, oxygen consumption rate was measured in all cell lines after a 24-hour treatment with
100uM NV118 or without NV118 (added equivalent amount of (phenol-red free MEM)) as

vehicle controls. The following oxidative phosphorylation parameters were recorded: basal
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respiration, leak, maximal respiration, and non-mitochondrial respiration, after sequential
injections of ATP synthase inhibitor oligomycin, the uncoupler carbonyl cyanide-4-
(trifluoromethoxy) phenylhydrazone FCCP, complex | inhibitor Rotenone, and complex Il
inhibitor Antimycin A into the wells. Analysis was conducted in all cell lines (n=3-4) at passage
eight. We have reported previously that spare respiratory capacity (SRC) is an important
variable in determining how flexible a cell is in responding to changes in energetic demand (see
Chapter 3). Therefore, in addition to reporting the mitochondrial-derived ATP rate, we also
examined the rate of SRC in all cell lines with or without NV118 treatment. Results suggest that
NV118 did not significantly improve mitochondria respiration in any of the cell lines (Figure
5.2.7.1.-5.). This result is not consistent with other reports that have shown that NvV118
treatment improves mitochondrial respiration (Ehinger et al., 2016;Piel et al., 2020) Although we
observed improvement in mitochondrial respiration (Figure 5.2.1.b-h) in the optimization
experiments during acute 20-minute exposure of prodrug NV118 in control BJ-FB cells, the
result was different during the 24-hour treatment (also see supplementary Figure 7.2.). It is
conceivable that once the prodrug NV118 (succinate) is oxidized to fumarate, malate, and
oxaloacetate the cells are not able to sustain the ClI-linked mitochondrial respiration because
several reports have shown oxaloacetate competitively inhibits succinate dehydrogenase

(Zeylemaker et al., 1969;Stepanova et al., 2016;Fink et al., 2018).
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Figure 5.3.7.1. Mitochondrial respiration profile of CTL BJ-FB with and without NV118.
CTL BJ-FB were treated with 100 uM NV118 or vehicle (phenol-red free MEM) for 24-hours,
and Oxygen Consumption Rate (OCR) was measured at the end of the 24-hour treatment
period. Cell line showing (a) mitoATP production rate, (b) spare respiratory capacity, (c) proton
leak, (d) non-mitochondrial respiration. All parameters are in pmol/min/1000 cells. Data are
mean +/- SD. Experiments were repeated at least three times on different days under the same
conditions. ns = not significant. The dark gray bar represents treatment with vehicle (-NV118),
while the tan bar represents treatment with 100 uM NV118 (+NV118).
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Figure 5.3.7.2. Mitochondrial respiration profile of SBG1-FB (T8993G) with and without
NV118. SBG1-FB (T8993G) were treated with 100 uM NV118 or vehicle (phenol-red free MEM)
for 24-hours, and Oxygen Consumption Rate (OCR) was measured at the end of the 24-hour
treatment period. Cell line showing (a) mitoATP production rate, (b) spare respiratory capacity,
(c) proton leak, (d) non-mitochondrial respiration. All parameters are in pmol/min/1000 cells.
Data are mean +/- SD. Experiments were repeated at least three times on different days under
the same conditions. *p< 0.05, ns = not significant. The red bar represents treatment with
vehicle (-NV118), while the pink bar represents treatment with 100 uM NV118 (+NV118).
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Figure 5.3.7.3. Mitochondrial respiration profile of SBG2-FB (T8993G) with and without
NV118. SBG2-FB (T8993G) were treated with 100 uM NV118 or vehicle (phenol-red free MEM)
for 24-hours, and Oxygen Consumption Rate (OCR) was measured at the end of the 24-hour
treatment period. Cell line showing (a) mitoATP production rate, (b) spare respiratory capacity,
(c) proton leak, (d) non-mitochondrial respiration. All parameters are in pmol/min/1000 cells.
Data are mean +/- SD. Experiments were repeated at least three times on different days under
the same conditions. *p< 0.05, ns = not significant. Dark red bars represent treatment with
vehicle (-NV118), while pink bars represent treatment with 100 uM NV118 (+NV118).
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Figure 5.3.7.4. Mitochondrial respiration profile of SBG4-FB (T10158C) with and without
NV118. SBG4-FB (T10158C) were treated with 100 uM NV118 or vehicle (phenol-red free
MEM) for 24-hours, and Oxygen Consumption Rate (OCR) was measured at the end of the 24-
hour treatment period. Cell line showing (a) mitoATP production rate, (b) spare respiratory
capacity, (c) proton leak, (d) non-mitochondrial respiration. All parameters are in pmol/min/1000
cells. Data are mean +/- SD. Experiments were repeated at least three times on different days
under the same conditions. *p< 0.05, ns = not significant. Blue bars represent treatment with
vehicle (-NV118), while purple bars represent treatment with 100 uM NV118 (+NV118).
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Figure 5.3.7.5. Mitochondrial respiration profile of SBG5-FB (T12706C) with and without
NV118. SBG5-FB (T12706C) were treated with 100 uM NV118 or vehicle (phenol-red free
MEM) for 24-hours, and Oxygen Consumption Rate (OCR) was measured at the end of the 24-
hour treatment period. Cell line showing (a) mitoATP production rate, (b) spare respiratory
capacity, (c) proton leak, (d) non-mitochondrial respiration. All parameters are in pmol/min/1000
cells. Data are mean +/- SD. Experiments were repeated at least three times on different days
under the same conditions. *p< 0.05, ns = not significant. Light blue bars represent treatment
with vehicle (-NV118), while green bars represent treatment with 100 uM NV118 (+NV118).
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5.4. Discussion

To date there is no cure for patients affected with LS and patients usually pass away within
a decade after their initial diagnosis (Baertling et al., 2014;Reynaud-Dulaurier et al., 2020).
Recently, cell-permeant ETC substrates have been proposed as therapeutics for various ETC
defects (Ehinger et al., 2016;Piel et al., 2020). In these studies, succinate prodrugs have been
used as a bypass for disorders involving deficiencies in complex I. The succinate prodrugs have
also been used to rescue mitochondrial disorders associated with a defect in complex IV, an
ETC complex whose activity is downstream that of complex | (Owiredu et al., 2020a;0wiredu et
al., 2020b). So far none of the studies have used succinate prodrugs for alleviating symptoms of
LS harboring pathogenic mtDNA mutations in genes MTATP6 affecting complex V and MTND3
and MTND5 affecting complex I. Therefore, we wanted to understand the mechanisms (Figure
5.4.) as well as alleviate the bioenergetic defects by providing TCA cycle intermediate substrate
succinate, as a therapeutic drug (NV118) in the vulnerable LS cell lines containing pathogenic

mtDNA mutations affecting complex | and complex V.

Optimization experiments for estimating the concentration of the drug were carried out on
the control BJ-FB cell line to determine the appropriate NV118 concentration for use in this
study (Figure 5.3.1.). It has been reported previously that high concentrations of succinate
could exert inhibitory effects on mitochondrial respiration (Gonzalez-Meler et al., 1996;Tretter et
al., 2016). Furthermore, high concentrations of succinate could result in upregulation of RET,
contributing to an increase in ROS production and subsequent cellular apoptosis (Scialo et al.,
2016;Tretter et al., 2016;Scialo et al., 2017). Therefore, the control BJ-FB cell line was treated
with three different concentrations (50uM, 100uM, and 150uM) of NV118 and a vehicle (phenol
red-free MEM) for 30-minutes (to evaluate acute response) before measuring cellular viability
and mitochondrial respiration. While there was no significant difference in cell viability (Figure

5.3.1.a) between the NV118 treated and untreated groups, we observed a trend towards a slight
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decrease in cell viability in the NV118 treatment group. The decrease in cell viability was dose-
dependent, with 150uM NV118 treatment resulting in the highest decrease of 4%. However, the
50uM and 100uM NV118 treatment groups only resulted in a 1% and 2% decrease in cell
viability respectively. The results from cell viability studies convinced us that the chosen

concentrations were not toxic to the cells.

Next, we examined mitochondrial respiration in the control BJ-FB after treatment with the
same three concentrations of NV118. Basal respiration (Figure 5.3.1.b) readings before
injection of NV118 showed no significant difference between any of the treatment groups. After
NV118 was added, however, the ATP production rate (Figure 5.3.1.c) increased significantly
(p<0.0001) in the NV118 treatment group relative to the untreated group. The highest increase
was observed in the group with 100uM NV118. The increase in ATP production correlated with
a significant increase in maximal respiration (Figure 5.3.1.f), and SRC (Figure 5.3.1.9) as well.
Although it is worth noting that some of the increases in oxygen consumption contributed to a
dose-dependent elevation of proton leak (Figure 5.3.1.d) with NV118 treatment. As a result,
coupling efficiency (Figure 5.3.1.e) was also lower in a dose-dependent manner, with 150uM
NV118 treatment resulting in a significant decrease (p<0.05) by 5% relative to the untreated
group. Finally, when mitochondrial respiration was inhibited with rotenone and antimycin A, non-
mitochondrial respiration (Figure 5.3.1.h) significantly increased (p<0.05) by 20% and 22% in
the 50uM and 150uM NV 118 treatment respectively relative to the untreated group. However,
there was only an 18% increase in hon-mitochondrial respiration in the 100uM NV118 treatment
group. Non-mitochondrial respiration is typically attributed to the non-ETC oxidases present in
the cell (Hill et al., 2012). This suggests that at 100uM NV 118 concentration, there is less
involvement of non-ETC oxidases. Owing to the significant decrease (p<0.05) in coupling
efficiency (Figure 5.3.1.e) and the significant increase (p<0.05) in proton leak (Figure 5.3.1.d)

and non-mitochondrial respiration (Figure 5.3.1.h), the 150uM NV118 concentration was
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excluded. The 50uM NV 118 concentration was also excluded because of the relatively high
non-mitochondrial respiration. Together, the cell viability and the mitochondrial respiration

studies were used to determine that 100uM NV118 concentration is optimal for our studies.

Once the optimal concentration was determined, we sought to understand how NV118
affects metabolism. First, glycolysis was evaluated after a 24-hour treatment with 100pM
NV118. In the TCA cycle, oxidation of succinate results in the production of fumarate. Fumarate
is further oxidized to malate, and malate becomes oxidized to produce oxaloacetate. In the
absence of succinate, succinate dehydrogenase (SDH; ClII) is inhibited and deactivated by
oxaloacetate (Kearney et al., 1972;Kotlyar and Vinogradov, 1984;Stepanova et al., 2016). As a
prodrug of succinate, the addition of NV118 for 20-mins resulted in a short-term increase in CllI-
respiration (Figure 5.3.1.). As a result, accumulation of TCA cycle intermediates upstream of
succinate will occur. One of those intermediates is oxaloacetate (OAA), if not used up and
continues to accumulate, could result in inhibition of Cll activity. Therefore, we hypothesized
that the addition of NV118 would result in the upregulation of glycolysis (Figure 5.4.). Glycolysis
would produce pyruvate, which could be converted into acetyl-CoA, an important intermediate
for the TCA cycle. Acetyl-CoA, together with oxaloacetate forms citrate to produce other TCA
cycle substrates. Indeed, our results support this hypothesis as we observed a significant
increase (p<0.05) in basal glycolysis and glycoATP production rate in the control BJ-FB (Figure
5.3.2.a&b) and the LS SBG4-FB (T10158C) cell line with complex | defect (Figure 5.3.2.a&b)
when NV118 was added. In the other LS cell lines, SBG1-FB (T8993G), SBG2-FB (T8993G),
and SBG5-FB (T12706C), glycolytic respiration (Figure 5.3.4.1.b, 5.3.4.2.b, and 5.3.3.2.b)
trended up. Furthermore, when glycolysis was inhibited with 2-Deoxyglucose (2DG), there was
a significant increase (p<0.01) and a trend towards an increase in post-2DG acidification in both
the control BJ-FB and all the diseased FB cell lines (Figure 5.3.2.-4.). Since the addition of 2DG

inhibits glycolysis and prevents lactate from being formed, acidification through the glycolytic
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pathway is blocked. Furthermore, mitochondrial respiration through the ETC has also been
inhibited with rotenone/antimycin A, preventing the oxidation of substrates through CI and CIII.
Leaving the protons generated from the TCA cycle metabolism as the major contributor to
acidification post-2DG. During cellular respiration, the CO- produced during oxidation reactions
by TCA cycle dehydrogenases contribute to acidification (Divakaruni et al., 2014;Giorgi-Coll et
al., 2017). This further supports the hypothesis that NV118 upregulates glycolysis to enhance

the production of other TCA cycle substrates.

It is well known that reverse electron transport (RET) via complex | and NAD* dependent
pathway occurs when there is an over-reduction of the CoQ pool by electrons from CII (Chance
and Hollunger, 1961;Chouchani et al., 2016;Scialo et al., 2016;Scialo et al., 2017). To exclude
the possibility that the treatment with NV118 was causing RET and contributing to reactive
oxygen species production, we examined intracellular ROS levels using DCFDA/H,DCFDA a
fluorescent precursor, after 24-hour treatment with 100uM NV118. This dye measures hydroxyl,
peroxyl, and other reactive oxygen species (ROS) within cells. Within the cells, DCFDA is
hydrolyzed by esterases to release DCF, which is readily oxidized by intracellular ROS thus
emitting a green fluorescence (Ex 485/Em 535). The results from ROS studies supported the
observation made during the optimization studies with control BJFB cells. Treatment with
100uM NV118 did not result in a significant difference in intracellular ROS levels (Figure 5.3.5.)
in any of the cell lines between the NV118 treated and untreated groups. Furthermore, the
intracellular ROS levels are consistent with our previous results (section 4.3.4.), where LS
diseased cell lines exhibited lower mitoROS levels compared to the control BJ-FB cells
(manuscript under review, chapter 3). We conclude that the specific concentration of (succinate)
produg NV118 used in this study did not contribute to complex | and NAD* mediated reverse

electron transport (RET) or increase intracellular ROS levels in either the control or LS cell lines.
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Knowing that the increase in Cll-respiration did not result in elevated RET or ROS levels, we
next examined MMP in the control and diseased FB in the presence and absence of prodrug
NV118. As expected, we observed a significant increase (p<0.05) in MMP in both complex |
defective LS (SBG4-FB (T10158C) and SBG5-FB (T12706C)) cells (Figure 5.3.6.4.a &
5.3.6.5.a) upon NV118 treatment compared to the untreated group. We also observed a
significant increase (p<0.05) in MMP in SBG2-FB (T8993G) (Figure 5.3.6.3.a) with CV-defect
after NV118 addition. In presence of NV118 prodrug in the control BJ-FB cells (Figure
5.3.6.1.a), there was a 39% increase (although not significant) in MMP relative to the untreated
group. In the SBG1-FB (T8993G) (Figure 5.3.6.2.a), MMP stayed the same both in the NV118
treated and untreated groups. FCCP and Oligomycin were added as control, to depolarize and
hyperpolarize MMP respectively. In both the untreated and NV118 treatment groups, FCCP
resulted in depolarization (Figure 5.3.6.1.-6. d&e) as predicted. Interestingly, in the SBG2-FB
(T8993G), the addition of NV118 rescued mitochondrial function (Figure 5.3.6.3.d&e). We have
reported previously that SBG2-FB (T8993G) has an uncoupling defect (Bakare et al., 2021).
The addition of exogenous substrate (NV118), helps rescue this problem, allowing for complete
depolarization (significant decrease in MMP; p<0.001) when FCCP is added (Figure 5.3.6.3.b).
When Oligomycin was added, we predicted hyperpolarization in the NV118 untreated group
(Figure 5.3.6.1.-6.d). However, in the presence of NV118, all of the cell lines (Figure 5.3.6.1.-
6.e) except SBG1-FB (T8993G) (Figure 5.3.6.2.e) experienced depolarization. Oligomycin is a
complex V inhibitor, which prevents protons from getting back into the matrix, resulting in a
relative decrease in proton gradient in the matrix, consequently making the matrix more
negative relative to the IMS. We have shown above that MMP is generally higher with NV118
treatment (Figure 5.4.), therefore, inhibition of CV with oligomycin invariably affects the electron
and proton flux. Proton leakage into the matrix through other channels independent of CV re-

entry occurs to sustain the electron and proton flux. This increase in proton leak upon NV118
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addition could explain why we observe depolarization when the CV is inhibited by oligomycin in

the NV118 treatment group.

Finally, we examined mitochondrial respiration to check if the increased MMP corresponded
with increased mitochondrial respiration. Our results show that mitochondrial respiration (Figure
5.3.7.1.-5.) remained the same after 24-hour treatment with NV118. In our optimization studies
with the control BJ-FB, treatment with NV118 for 20-minutes before OCR measurements
resulted in a significant increase (p<0.05) in mitoATP production, maximal respiration, and SRC
(Figure 5.3.1.c,f, & g.). Therefore, this result shows that short-term treatment with NV118
results in changes to mitochondrial respiration, however, 24-hour treatment with NV118 results

in inhibiting the SDH activity by OAA leading to no change in mitochondria respiration.

After 24-hour treatment with 100uM NV118, we observed changes in glycolysis (Figure
5.3.2.-4.) and MMP (Figure 5.3.6.1.-6.) that corresponded with the effect of the prodrug NV118.
Our result suggests other mechanisms of action for the succinate prodrug, NV118. When
NV118 has been used as therapy for Cl-deficient cells, it has been suggested that the drug
works by bypassing Cl and upregulating Cll-respiration (Ehinger et al., 2016;Piel et al.,
2018;Janowska et al., 2020). While this explanation is valid in cell lines with Cl-deficiencies,
other labs have also shown improvement in mitochondrial function in cells with deficiencies in
other ETC enzymes downstream of Cl (Owiredu et al., 2020a;0Owiredu et al., 2020b). In this
situation, bypassing CI with NV118 does not fully explain how the disease phenotype is rescued
in these cells. Our results suggest a pathway that involves upregulation of glycolysis (Figure
5.3.2.-4.) and the TCA cycle substrates. It has been demonstrated elsewhere that activated
macrophages undergo metabolic alterations to support their pro-inflammatory functions (Mills et
al., 2016). In these studies stimulation of macrophages with LPS (Lipopolysaccharides);
endotoxins found in the outer membrane of Gram-negative bacteria, resulted in a switch to

succinate-dependent respiration, and a subsequent increase in glycolysis and MMP. In
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macrophages, the increased succinate oxidation resulted in ROS production and production of
pro-inflammatory cytokines. While the addition of produg NV118 did not increase intracellular
ROS levels (Figure 5.3.5.) in LS cell lines, we observed an increase in glycolysis (Figure 5.3.2.-
4.) and MMP (Figure 5.3.6.1.-6.) consistent with other studies (Mills et al., 2016). We postulate
that the addition of succinate (NV118) increases glycolysis to prevent the accumulation of
oxaloacetate (a potent inhibitor of Cll) (Priegnitz et al., 1973;Stepanova et al., 2016). The trend
towards increased MitoPER and elevated post-2DG acidification (Figure 5.3.2.-4.d&e) in most
of the cell lines in the presence of NV118 further supports this hypothesis. Since CO; from the
TCA cycle can contribute to acidification (Divakaruni et al., 2014), when glycolysis is inhibited by
the addition of 2DG, the other source of acidification could be from the TCA cycle. Upregulation
of glycolysis by NV118 not only increases TCA cycle intermediates (Figure 5.4.) but also
contributes to ATP production (Gullans et al., 1988). It is useful to note that succinate itself is a
product of a substrate-level phosphorylation step in the TCA cycle (Tretter et al., 2016).
Therefore, increasing TCA cycle intermediates could help provide additional ATP in cell lines

with mutations affecting OXPHOS capacities.

LS is a disorder with no known cure, based on the results from this study, we have
demonstrated the potential for NV118 as an LS therapeutic. To the best of our knowledge, we
have also shown for the first time that in addition to rescuing mitochondrial dysfunction in cell
lines with mutations impacting Cl, NV118 has the potential to rescue mitochondrial dysfunction
in cell lines with mutations impacting CV (ATP synthase). Although previous studies have
focused on improving mitochondrial respiration, we show here that perhaps instead of trying to
improve OXPHOS capacities in patients with LS, alternate therapies that focus on providing
important TCA cycle intermediates could prove to be more beneficial. This is the first study that
shows a therapeutic effect in four LS lines harboring mtDNA mutations (T8993G, T10158C,

T12706C) while reducing intracellular ROS levels by 24 hours.
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Figure 5.4. Summary figure describing the mechanism of action of NV118. NV118 is a
succinate prodrug that is membrane permeable. In the mitochondria, NV118 (succinate) is
oxidized by succinate dehydrogenase (CII). Under physiological conditions, both CI and CII
contribute electrons (e-) to the quinone (Q) pool. Electrons from the Q pool are shuttled to Cll|
and then these electrons are donated to cytochrome ¢ (Cyt. C) before they finally get donated to
CIV when the final electron acceptor, oxygen (O;) accepts these electrons and becomes
reduced to water (H-O). In addition to electron transport, Cl, Clll, and CIV also translocate
protons (H*) from the matrix into the intermembrane space (IMS). This proton gradient is used
by CV to generate ATP. Under physiological conditions, Cl-linked respiration is favored,
however, when CIl substrates are in abundance CllI-linked respiration becomes predominant.
Since Cll cannot shuttle protons, substrate oxidation increases to maintain MMP. Furthermore,
to prevent the accumulation of oxaloacetate, a potent inhibitor of ClI, glycolysis is upregulated.
Together these processes drive an increase in TCA cycle enzyme activity. The red signs show
that the mtDNA mutations in SBG1-FB (T8993G) and SBG2-FB (T8993G) result in CV
dysfunction, while mutations in SBG4-FB (T10158C) and SBG5-FB (T12706C) result in Cl
dysfunction. After 24-hour treatment with 100uM NV118, a succinate prodrug, we observed an
increase in glycolysis, MMP, and TCA cycle activity.

The results from this study has opened an avenue for further questions to be addressed

in the future. For instance, did elevated succinate lead to the opening of the mitochondrial

transition pore? What intervals of treatment is ideal to observe the full beneficial effect of

NV118? In this study, all the LS cell lines used were derived from patients with early-onset LS.

Clinical reports and metadata analysis are starting to suggest a difference in disease

presentation and prognosis for patients with early-onset and late-onset LS (Gerards et al.,
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2016;Wei et al., 2018). Perhaps, including cell lines (like SBG3-FB (T9185C)) derived from
patients with late-onset LS presentation could provide insights into how late-onset LS disease
responded to prodrug NV118 treatment. Nevertheless, this is the first study showcasing a single
therapeutic dose of NV118 in LS patient cells harboring pathogenic mtDNA mutations in

MTATP6, MTND3, MTND5 genes affecting complex | and V of the electron transport chain.

5.5. Methods

5.5.1. Ethics statement

This study protocol conformed to the guidelines of the Declaration of Helsinki. The current
study was conducted with patient fibroblasts provided by the Medical University of Salzburg
(SBG), Austria. Fibroblasts were obtained for diagnostic purposes from patients with defined
disorders. Informed consent was obtained to use these samples for research in an anonymized
way. In accordance with federal regulations regarding the protection of human research
subjects (32 CFR 219.101(b)(4)), the University of Arkansas Office of Research Compliance
determined that the project was exempt from Institutional Review Board (IRB) oversight and

human research subjects protection regulations.

5.5.2. NV118 drug preparation

The NV118, succinate prodrug (Oroboros Instruments Corporation, Innsbruck, Austria) was
prepared following the manufacturer’s instructions. Aliquots of the stock were stored in a -20°C
freezer until needed for experiments. Before each experiment, a fresh working solution was
prepared by adding the appropriate volume of stock solution to phenol-red free MEM. The
working solution (1mM) was prepared at 10X the final treatment concentration (100uM). The

working solution was used up on the same day as they were prepared.
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5.5.3. Cell culture

Cultures of healthy control and four patient-derived diseased fibroblast cell lines were
maintained in a fibroblast expansion medium that consisted of minimal essential medium (MEM)
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum
(FBS) (GE healthcare- HyClone™; Chicago, IL) and 2mM L-glutamine (Thermo Fisher Scientific,
Waltham, MA, USA). All cell lines were cultured and maintained at 37°C in a humidified
atmosphere of 5% CO,. The culture medium was replenished every two days and passaged
when cells reached 80% confluence. Fibroblasts were enzymatically passaged in 0.05%
Trypsin-EDTA (Thermo Fisher Scientific, Waltham, MA, USA). All experiments were performed

with cells at passage 8 for consistency and to minimize experimental variability.

5.5.4. Mitochondrial oxygen consumption detection, glycolysis function test, and

bioenergetics health index

Cells were maintained in culture following established protocols until the desired passage
(Passage 8) is reached. A day before assay, 20,000 cells per well were plated and cultured in
complete media (MEM supplemented with 10% FBS and 2mM L-glutamine). The drug treatment
group also had 100uM NV118 added to each well, while the control groups had an equivalent
volume of basal MEM added to each well. The cells were incubated with NV118 (or MEM) in a
37°C incubator with a humidified atmosphere of 5% CO; for 24-hours. At the end of the 24-hour
incubation period, mitochondrial and glycolytic metabolic profiles were assessed following steps

below.

Changes in oxygen consumption were measured in real-time using an XFe96
extracellular flux analyzer. Seahorse XFe96 Cell Mito Stress Test Kit and glycolytic rate assay
kit (Seahorse Biosciences, USA) were used as per the manufacturer’s instructions. Prior to use

in XFe96, fibroblasts were detached using mild trypsin and seed into the plates with a previously
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optimized number of 20,000 cells per well. All fibroblasts were seeded in 8-12 replicate wells per

plate, with the experiment repeated at least 3-5 times.

The cells were supplemented with 180 ul Mito-stress complete Seahorse medium, after
which the cells were incubated in a non-CO; incubator at 37°C for one hour. Respiration was
measured using the classic mitochondrial inhibitors, specific for complex | and Il subunits, such
as Rotenone and Antimycin A (0.5 uM final concentrations each). Maximum respiration was
measured by the addition of an uncoupler carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone- FCCP (0.7 uM final concentration); and Oligomycin (1 uM final concentration)
was added to measure proton leak. The readouts were normalized to cell number and analyzed

using Seahorse XF96 Wave software.

We also analyzed glycolytic function in the fibroblast cell lines. A classical glycolytic rate
assay was performed using the XFe96 based on the following procedure: 1) cells were cultured
in buffered (5 mM HEPES buffer) Seahorse medium supplemented with glucose and pyruvate;
2) the proton efflux rate (PER) was measured after the addition of saturating amounts of
glucose; 3) rotenone and antimycin A were added to inhibit mitochondrial-derived ADP
phosphorylation, and 4) 2-DG was added to inhibit glycolysis. The different assay parameters:
basal glycolysis, compensatory glycolysis, total proton efflux, and post 2-DG acidification were

normalized to cell number and analyzed using Seahorse XFe96 Wave software.

The mitochondrial-derived bioenergetic health index (mitoBHI), a composite index of
mitochondrial quality was determined using the pre-defined formula - Log ((mitoATP x
SRC)/(proton leak + non — mito.resp.)). The glycolytic BHI (glycoBHI), an index of glycolytic
respiration was determined using the formula - Log ((glycoPER * Comp. glycolysis)/

(MitoPER * post.2DG acid.)).
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5.5.5. Mitochondrial membrane potential measurements

Cells were maintained in culture following established protocols until the desired passage
(Passage 8) is reached. When cells reached 80-85% confluence they were treated with either
100uM NV118 or an equivalent volume of basal MEM and incubated for 24-hours. After the 24-
hour incubation, mitochondrial membrane potential was evaluated following the procedure

below.

On the day of the experiment, cells were enzymatically detached using 0.05% Trypsin-EDTA
(Thermo Fisher Scientific) and centrifuged at 400xg for 5 mins. Cells were then resuspended in
basal medium, after which the desired amount of tetramethylrhodamine, ethyl ester (TMRE-
Abcam, Cambridge, MA, USA) was added (for a final concentration of 50nM). For FCCP and
Oligomycin treatment groups, 20 uM and 5 uM of FCCP and Oligomycin were added
respectively for 10 mins prior to treatment with TMRE. Cells were incubated with TMRE in a
37°C 5% CO2 incubator for 25 mins. At the end of the incubation period, cells were centrifuged
at 400xg for 5 mins. To wash off the excess dye, cells were resuspended in 1x dPBS solution
and centrifuged for another 5 mins. At the end of the wash, the cells were resuspended in
phenol-red free basal medium and transferred to Accuri C6 plus flow cytometer (BD
Biosciences; Franklin Lakes, NJ, USA) for data acquisition. 20,000 events were recorded for
each cell line. After data acquisition, the data were exported as FCS files and analyzed using
FlowJo_v10.6.2 software. To gate for the TMRE-positive population, cells that were not stained
with TMRE were used to gate for the TMRE negative cell populations. Mean fluorescent
intensity (MFI) values, a measure of the geometric mean of TMRE positive cells was obtained

for statistical analysis.
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5.5.6. Intracellular ROS measurement

Cells were maintained in culture following established protocols until the desired passage
(Passage 8) is reached. A day before assay, 20,000 cells per well were plated and cultured in
complete media (MEM supplemented with 10% FBS and 2mM L-glutamine). In addition, the
treatment groups had either 100uM NV118 or an equivalent volume of basal MEM in each well.
After 24-hours, intracellular ROS levels were measured using the 2’,7’ —dichlorofluorescein
diacetate (DCFDA/H.DCFDA) a cell-permeable cellular ROS assay kit (Abcam). This dye
measures hydroxyl (~OH), peroxyl (0-%), and other reactive oxygen species (ROS). Within the
cells, DCFDA is hydrolyzed by nonspecific esterases to release DCF, which is readily oxidized
by intracellular ROS. The oxidized product emits green fluorescence at (Ex’Em: 485/535).
Following the manufacturer’s instructions, the cells were incubated with 10uM DCFDA. The cells
were incubated in the dark for 45-minutes with this dye. As a positive control, 200uM TBHP was
added for 60 mins before DCFDA treatment. At the end of the incubation period with DCFDA,
the cells were washed once with phenol-red free MEM to get rid of excess dye. Finally, phenol-
red-free MEM was added to each well, and cells were transferred to a plate reader (BioTek) for
data acquisition. The fluorescent intensity was background corrected and adjusted by

subtracting fluorescent intensity from blank wells.

5.5.7. Statistical analysis

All data were analyzed with GraphPad Prism 9 software (GraphPad Software, Inc.). Data
presentation, number of separate measurements, and representative statistical analysis of each

graph are described in the respective figure legends.
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Chapter 5

6. Conclusion and general discussion

6.1. Overview of the key findings

The principal aim of this dissertation was to perform a thorough characterization of patient
fibroblast cells modeling for LS, harboring some of the most prevalent pathogenic mtDNA
variants (T8993G, T9185C, T10158C, T12706C) in MTAP6, MTND3 and MTND5 genes

affecting the function of complex V and complex I.

Given the heterogeneity associated with genotypes and phenotypes, including the cross-talk
pathways between nuclear and mitochondrial genomes associated with LS; in chapter 1 we
conducted a much-needed comprehensive literature review to understand Leigh syndrome.
This allowed us to address the unmet need in this dissertation and we hypothesized that
patient cells modeling for LS, harboring a high percentage of pathogenic mtDNA mutations
would generate abnormal mitochondrial morphologies, disrupt electron transfer, reduce proton

translocation, and have defects in membrane potential and bioenergetics.

The influence of pathogenic mtDNA on mitochondrial structure and function in LS is
unknown. Therefore, in chapter 2, we conducted a comprehensive MiNA analysis and identified
five mitochondrial morphologies (i) individuals, (ii) networks, (iii) branches, (iv) length of
branches, and (v) size of networks in single cells containing some of the most prevalent
pathogenic mtDNA known to cause LS. Results indicated LS cells harboring pathogenic mtDNA
(T8993G) predominantly contained individual mitochondrial with short branch lengths
representative of fragmentation as the most predominant phenotype. This phenotype was also
observed in other patient cells modeling for other mitochondrial disorders such as Mitochondrial

Encephalopathy Lactic acidosis and Stroke-like episodes (MELAS), Kearns-Sayre Syndrome
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(KSS), and Pearson Syndrome (PS) (Liu and Hajnoczky, 2011;Wu et al., 2011;Srinivasan et al.,
2017;Tokuyama et al., 2020;Bakare et al., 2021). Another important result indicated that LS
cells harboring pathogenic mutation (T12706C), exhibited fewer mitochondria and the
mitochondrial networks had very long branches which appeared fused. We termed such an
abnormal mitochondrial morphology as “hyperfused” mitochondria. The third important finding
was that the inner mitochondrial membrane potential (MMP) was significantly decreased in all
the patient lines harboring pathogenic mtDNA, modeling for LS when compared to the control
cell line (Mortiboys et al., 2008;lannetti et al., 2015;Esteras et al., 2020). It was concluded that
low membrane potential was indicative of a low ATP/ADP ratio associated with complex V (ATP
synthase) defect or complex | defect. In the course of our study we found out that the individual
mitochondria were not resolved very well by the software used to generate the mitochondrial
morphological readouts, therefore in this study, we were unable to distinguish between round,
punctate, and rod mitochondrial morphologies. Nevertheless, this is the first study linking
pathogenic mtDNA with associated abnormal mitochondrial morphologies and function in five

patient lines modeling for several mitochondrial disorders (Bakare et al 2021).

In the summer of 2020, we initiated a collaborative study with Dr. Zhan’s laboratory to
rewrite some of the codes in the MiNA software for parsing the individual mitochondrial
morphologies and were able to design and develop a more high-throughput mitochondrial
analysis tool termed Mitochondrial Cellular Phenotype (MitoCellPhe), which could now be used
to distinguish subtle mitochondrial morphologies more accurately in physiological and
pathological/pharmacological conditions in various cell types (Bakare et. al manuscript under
review). One of the unexpected limitations of our experimental design was the use of a single
control cell line for this study. During the time course of the study, the control BJ-FB cell line

exhibited a lot of variability in several experiments trials leading to a compromise in scientific
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rigor and reproducibility from our expectations. To overcome this problem, we have selected a

few age-matched controls which will be used in future experiments.

In chapter 2 we have shown that cells modeling for LS harboring pathogenic mtDNA
exhibited a low ATP/ADP ratio indicative of bioenergetics defects. Metabolic biomarkers that
can sensitively assess the genotype-phenotype relationship in LS are lacking. Identification of a
bioenergetics biomarker could aid in the early diagnosis of the disease. Therefore chapter 3
focused our efforts on genetics and biochemical analysis in these cell lines. Several clinical
reports have shown that LS patients exhibit elevated lactate in blood and cerebrospinal fluid
(CSF) (Sofou et al., 2014;Yu et al., 2018;Chang et al., 2020;Edwards et al., 2020). Yet other
studies have shown conflicting results with normal lactate levels in both plasma and CSF, to
elevated lactate in either/both plasma and CSF (Sofou et al., 2014;Sofou et al.,
2018;Uittenbogaard et al., 2018;Edwards et al., 2020). It is now well established that early
intervention is important to longevity in patients with LS (Hong et al., 2020;0gawa et al., 2020).
Therefore, the key findings in chapter 3 were estimating a novel glycolytic bioenergetics health
index (gBHI) based on individual glycolytic parameters impacting glycolytic ATP production.
gBHI turned out to be a more significant and sensitive indicator of cells that have mitochondrial
dysfunction. Although earlier reports have proposed mitoBHI (mBHI) as an indicator of
mitochondrial dysfunction (Chacko et al., 2014), results from the current study indicated that
mBHI was highly variable given the persist mitochondrial dysfunction in these cell lines and
gBHI was a more reliable indicator of bioenergetics defect. The second important finding in
chapter 3 was that gBHI aided in computing a comprehensive mitochondrial/glycolytic
bioenergetics health index ratio (mBHI/gBHI) termed (CBHI) in LS cells because the
bioenergetics assays showed that LS cell lines relied on both mitochondrial bioenergetics

(especially SRC) and glycolysis (basal glycolysis ) for meeting energy requirements.
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Furthermore, our results strongly suggest that bridging the CBHI bioenergetics parameter in
the context of the specific pathogenic mtDNA variant is more informative than solely relying on
the percentage heteroplasmy levels. This is consistent with clinical data that have shown high
heteroplasmy levels in some patients without clinical presentations that are hallmarks of LS
(Ganetzky et al., 2019). A few limitations in this study were the inherent difficulty growing very
vulnerable LS cell lines without antibiotics harboring high levels of pathogenic mtDNA and the
high variability associated with fibroblast cell culture. This led to an inability of obtaining
heteroplasmy data in single cells which could be correlated with the abnormal mitochondrial
morphologies observed in single cells in chapter 2. Reports have shown that during mitotic
segregation, there is a shift in the mtDNA genotype of daughter cells (Wallace, 1999). We tried
to minimize the variability to the best of our ability by performing all experiments at the same
passage number (passage 8) so that robust statistics could be obtained for estimating the

bioenergetics assays and for computing the gBHI and CBHI values in chapter 3.

In chapter 4 we further tested our hypothesis by exogenously introducing an important TCA
cycle substrate, succinate, also important in regulating SRC, by activating complex Il-mediated
respiration when the main complex | pathway was defective. The cell-permeable succinate
marketed under the new name, NV118, served as an alternate substrate and therapeutic agent
in four early-onset LS cell lines harboring pathogenic mtDNA (SBG1-FB (T8993G), SBG2-FB
(T8993G), SBG4-FB (T10158C), and SBG5-FB (T12706C)). To our knowledge, this is the first
study where NV118 has been provided in cells modeling LS and harboring pathogenic mtDNA.
The key findings from this study showed that NV118, a prodrug of succinate could serve as a
therapeutic agent for LS resulting from defects in Cl and CV. After 24-hour treatment, the most
lasting effect of the drug was seen in the glycolytic pathway, TCA cycle, MMP and intercellular
ROS levels. Studies reported in the literature have shown that succinate regulates a host of

functions in the mitochondria. In addition to performing as an alternate substrate for cellular
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energetics, it can also function as a signaling molecule to regulate ROS, and hypoxia (Mills et
al., 2016;Tretter et al., 2016). In immune cells, increased succinate corresponds to upregulation
in glycolysis and MMP (Kuschel et al., 2012;Mills et al., 2016). Succinate in turn signals for the
upregulation of the Hypoxia-inducible factor 1-alpha (HIF-1a), resulting in a pro-inflammatory
response (Kuschel et al., 2012;Mills et al., 2016). In our study, the addition of NV118 increased
glycolysis and MMP in LS disease lines. We postulate this response was a result of high
demand for TCA cycle intermediate Acetyl CoA, to ensure a continuous supply of substrate
required for Cll-linked respiration. It is worth noting that this experiment was performed without
inhibiting the activity of Cl. Another key finding from this study was that elevated glycolysis did
not lead to an increase in intracellular ROS levels supporting earlier studies in the literature
where succinate has been alluded to regulating ROS homeostasis in cells. The results from this
study suggest an important role for TCA intermediates in the treatment of mitochondrial

dysfunction in LS.

6.2. Future Directions

The work presented here has opened up several lines of investigation. Future experiments
could be focused on understanding the metabolic pathways regulating levels of SRC in these
lines as well as identifying novel methods of quantifying mtDNA mutant load at the
mitochondrion level. This would open up several avenues for modeling and treating

mitochondrial dysfunction.

Given the important role of the TCA cycle intermediates in alleviating some of the
bioenergetics defects, metabolomics and optical redox ratio studies to access metabolic
changes in LS (Kolenc & Bakare, manuscript in preparation) would be a worthwhile experiment
for identifying the cross-talk pathways impacted between nuclear and mitochondrial genome

due to pathogenic mtDNA. One could also conduct experiments to understand whether the
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mitochondrial and redox defects could be reversed by NV118 treatment. It will be worthwhile to
conduct further metabolomics studies comparing the results from LS cells with a Cl dysfunction
and those with a CV dysfunction after NV118 treatment to ascertain the mechanisms of action in

these cell lines.

To understand the mechanisms behind the mitochondrial morphologies observed in LS cell
lines, it would be interesting to block one or more genes regulating the fission and fusion
pathways and estimate the changes in mitochondrial dynamics and function. This knowledge
would be critical for understanding the relationship between inter-organelle communication that

exists between the mitochondria and other cellular components.

6.3. Conclusion

In this dissertation, we were able to address the aims we set out at the beginning of this
study. The comprehensive approach used in this study has provided valuable information that
could enhance the diagnostic and therapeutic approach for LS. Through this study, it is evident
that the best approach to therapy for LS might involve the regulation of TCA cycle intermediates
to provide substrates for other alternative pathways that can be utilized for maintaining cellular
functions in patients with LS. While fibroblast cell lines provide valuable information on LS, they
are not the most appropriate model for LS. As described previously, LS is an early-onset
neurological disorder. Therefore, it would be more appropriate to characterize mitochondrial
structure and function in cell lines with neuronal lineage. Currently, experiments are underway in
Dr. lyer’s lab to generate cardiac and neuronal cells from human induced pluripotent stem cell
lines (hiPSC) derived from the fibroblast cell lines with LS. Given the neuromuscular
involvement of LS, differentiation into heurons and cardiac muscle cells will provide valuable
information on how the mtDNA mutations contribute to the pathologies and clinical symptoms

observed in patients with LS. Furthermore, the hiPSCs and differentiated cell lines can be used
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for high-throughput drug screening, to identify the effects of these drugs on various tissues
affected in LS patients. In the long term, these types of studies can help physicians better

diagnose and provide targeted therapies for patients with LS.
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7. Appendix A — Supplementary figures and tables

7.1. Population doubling (Chapter 2)
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Supplementary Figure 7.1. Population doubling for fibroblast cell lines. Control BJ-FB, and
diseased (SBG1-5) FB cells were counted everyday for 6-days. Cell counts and population
doubling times are shown for cell lines with a-b) CV-defect c-d) Cl-defect and the CTL BJ-FB.
Data represents +SD of at least three independent trials for all cell lines. Gray bar represents
CTL BJ-FB, red bar represents SBG1-FB, pink bar represent SBG2-FB (T8993G), yellow bar
represent SBG3-FB (T9185C), blue bar represent SBG4-FB (T10158C), and green bar
represent SBG5-FB (T12706C). **p<0.01
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7.2.  Mitochondrial respiration with NV118 (Chapter 4)
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Supplementary Figure 7.2.1. Mitochondrial respiration profile of CTL BJ-FB with and
without NV118. BJ-FB were treated with 100 uM NV118 or vehicle (phenol-red free MEM) for
24-hours, and Oxygen Consumption Rate (OCR) was measured at the end of the 24-hour
treatment period. Cell line showing (a) Basal respiration, (b) maximal respiration, (c) coupling
efficiency, (d) MitoBHI. All parameters are in pmol/min/1000 cells. Data are mean +/- SD.
Experiments were repeated at least three times on different days under the same conditions.
*p< 0.05, ns = not significant. Gray bar represents treatment with vehicle (-NV118), while tan
bar represents treatment with 100 pM NV118 (+NV118).
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Supplementary Figure 7.2.2. Mitochondrial respiration profile of SBG1-FB (T8993G) with
and without NV118. SBG1-FB (T8993G) were treated with 100 uM NV118 or vehicle (phenol-
red free MEM) for 24-hours, and Oxygen Consumption Rate (OCR) was measured at the end of
the 24-hour treatment period. Cell line showing (a) Basal respiration, (b) maximal respiration, (c)
coupling efficiency, (d) MitoBHI. All parameters are in pmol/min/1000 cells. Data are mean +/-
SD. Experiments were repeated at least three times on different days under the same
conditions. *p< 0.05, ns = not significant. Red bar represents treatment with vehicle (-NV118),
while pink bar represents treatment with 100 uM NV118 (+NV118).
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Supplementary Figure 7.2.3. Mitochondrial respiration profile of SBG2-FB (T8993G) with
and without NV118. SBG2-FB (T8993G) were treated with 100 uM NV118 or vehicle (phenol-
red free MEM) for 24-hours, and Oxygen Consumption Rate (OCR) was measured at the end of
the 24-hour treatment period. Cell line showing (a) Basal respiration, (b) maximal respiration, (c)
coupling efficiency, (d) MitoBHI. All parameters are in pmol/min/1000 cells. Data are mean +/-
SD. Experiments were repeated at least three times on different days under the same
conditions. *p< 0.05, ns = not significant. Red bar represents treatment with vehicle (-NV118),
while pink bar represents treatment with 100 pM NV118 (+NV118).
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Supplementary Figure 7.2.4. Mitochondrial respiration profile of SBG4-FB (T10158C) with
and without NV118. SBG4-FB (T10158C) were treated with 100 pM NV118 or vehicle (phenol-
red free MEM) for 24-hours, and Oxygen Consumption Rate (OCR) was measured at the end of
the 24-hour treatment period. Cell line showing (a) Basal respiration, (b) maximal respiration, (c)
coupling efficiency, (d) MitoBHI. All parameters are in pmol/min/1000 cells. Data are mean +/-
SD. Experiments were repeated at least three times on different days under the same
conditions. *p< 0.05, ns = not significant. Blue bar represents treatment with vehicle (-NV118),
while purple bar represents treatment with 100 uM NV118 (+NV118).
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Supplementary Figure 7.2.5. Mitochondrial respiration profile of SBG5-FB (T12706C) with
and without NV118. SBG5-FB (T12706C) were treated with 100 pM NV118 or vehicle (phenol-
red free MEM) for 24-hours, and Oxygen Consumption Rate (OCR) was measured at the end of
the 24-hour treatment period. Cell line showing (a) Basal respiration, (b) maximal respiration, (c)
coupling efficiency, (d) MitoBHI. All parameters are in pmol/min/1000 cells. Data are mean +/-
SD. Experiments were repeated at least three times on different days under the same
conditions. *p< 0.05, ns = not significant. Blue bar represents treatment with vehicle (-NV118),
while green bar represents treatment with 100 uM NV118 (+NV118).



7.3. Nuclear and mitochondrial DNA involvement in LS (Chapter 1)

Supplementary Table 7.3.1. Table showing nuclear genes involved in LS and LS-like disorders. The most prevalent mutations

affecting the different ETC complexes are summarized with the genetic defect and corresponding biochemical and clinical

manifestations.

Nuclear genes involved in LS and LS-like disorders

Structural/

Complexes Assembly

Cl Structural

Structural

Structural
Structural

Structural

Structural

Structural

Structural

Structural

Structural

Structural

Structural

Genes

affected

inLS
NDUFA1

NDUFA2

NDUFA9

NDUFA10

NDUFA12

NDUFS1

NDUFS2

NDUFS3

NDUFB8

NDUFS4

NDUFS7

NDUFS8

Genetic
defect

c.55C>T

€.208+5G>A, ¢.875T>C, c.866+4A>G

€.962G>C

c.1A>G, c.425A>G

c.178C>T

C.1564C>A, ¢.1222C>T

€.671C>T, ¢.875T>C, c.866+4A>G

€.418C>T, ¢.595C>T

C.227C>A, €.432C>G

€.2890r290G, ¢.316C>T

C.434G>A

€.C236T, c.G305A

Biochemical defect

Elevated blood/CSF lactate
and pyruvate levels, isolated
Cl deficiency and decreased
amount of fully assembled
enzyme, depolarization of
MMP, decreased carnitine,
elevated alanine levels,
hypoglycemia close to death,
decreased ClII activity,
elevated cytochrome ¢
oxidase and citrate synthase
activity, decreased pyruvate
oxidation (normal succinate
oxidation), increase CII-CIV
activity, elevated CSF protein
levels, Isolated PDHs activity
in skeletal/cardiac muscle,
brain, liver and skin
fibroblast, elevated levels of
fumarate and malate

Clinical manifestations

Pyramidal tract dysfunction,
ataxia, signs of brain stem
dysfunction, oculomotor
abnormalities, seizures, and
lethargy, leukoencephalopathy,
muscular hypotonia, myoclonic
epilepsy, progressive macrocystic
leukoencephalopathy with brain
atrophy, and subsequent apnea,
early-onset ophthalmoplegia,
lethal encephalopathy

References

(Uehara et al.,
2014)

(Hoefs et al.,
2008;Tuppen
etal.,
2010;Schlehe
etal., 2013)

(van den
Bosch et al.,
2012)

(Hoefs et al.,
2011)
(Ostergaard et
al., 2011)
(Bugiani et al.,
2004;Tuppen
et al., 2010)
(Bugiani et al.,
2004)

(Jaokar et al.,
2013;Lou et
al., 2018)
(Piekutowska-
Abramczuk et
al., 2018a)
(Budde et al.,
2000)
(Bugiani et al.,
2004;Lebon et
al., 2007)
(Loeffen et al.,
1998)
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Cll

Structural
Structural

Assembly
Assembly

Assembly

Assembly

Assembly

Assembly

Assembly

Structural

Assembly

NDUFV1
NDUFV2
NDUFAF2
NDUFAF4

NDUFAF5
(C200rf7)

NDUFAF6
NDUFAF8
(C170RF89)

FOXRED1

NUBPL

SDHA

SDHAF1

€.1022C>T, ¢.1268C>T, c.640G>A,
€.1294G>C, c.611A>G, c.616T>G

c.IVS2 + 1delGTAA, ¢.669_670ins

c.114C>G

€.1947>C

C.477A>C

€.532G>C, ¢.420+784C>T,
c.554_558del, ¢.371T>C

c.45_52dup, c.1A>G, ¢.165C>G

€.1054C>T

c.166G>A, c.815-27T>C

€.1684C>T, c1660C>T, c.1A>C,
€.1571C>T, ¢.248C>T, ¢.356G>A,
c.1664G>A

€.169G>C, c.164G>C

Cll deficiency, elevated
lactate, succinate,
pyruvate, SDH deficiency

(Schuelke et
al.,
1999;Zafeiriou
et al.,
2008;Vilain et
al.,
2012;Incecik
et al., 2018)
(Cameron et
al., 2015)
(Hoefs et al.,
2009)

(Saada et al.,
2008;Baertling
et al., 2017)
(Gerards et
al., 2010)
(Catania et
al.,
2018;Baide-
Mairena et al.,
2019)

(Alston et al.,
2020)
(Fassone et
al.,
2010;Zurita
Rendon et al.,
2016)

(Calvo et al.,
2010)

(Bourgeron et al.,
1995;Horvath et
Developmental delay with axial al.,
hypotonia, generalised muscular 2006;Pagnamenta
hypotonia with axial predominance, et al., 2006)
bilateral horizontal nystagmus,
seizures, tetraparetic, rapidly
progressive psychomotor
regression, lack of speech
development, spastic quadriparesis
and partial loss of postural control
with dystonia
(Ghezzi et al.,
2009)
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Cll

Clv

Ccv

Structural

Assembly

Assembly

Structural

Structural

Assembly

Assembly

Assembly

Assembly

Assembly

Assembly

Assembly

Assembly

UQCRQ

BCS1L

TTC19

NDUFA4

COX8A

SURF1

COX10

COX15

SCO2

PET100

LRPPRC

TACO1

ATP5MD

€.208C>T
€.830G>A, ¢.296C>T, c.464,

€.1,057G>A, c.217C>T, c.1102T>A,
€.547C>T, ¢.550C>T

c.577G>A, c.964_967del

c.42+1G>C

c.115-1G>C

C.743C>A, ¢.367_368del, c.772C>T,
€.751C>T, ¢.833+1G>T,
€.465_466del, c.532A>T,
€.792_793del, c.845_846del,
c.465_466del, c.826_827ins,
Cc.532A>T

C.791C>A, ¢.878C>T

¢.C700T, ¢.503C>G, c.1081T>C

C.418G>A

c.3G>C

c.1,119C>T

c.472C

c.87+1G>C

Mild to significantly
elevated lactate levels,
isolated ClII deficiency,
increased citrate synthase,
impaired respiration shown
through decreased oxygen
consumption

Deficient COX activity in
galactose but not glucose
media, lactic acidosis,
Isolated COX deficiency,
citric acid cycle
metabolites, glycine, and
alanine, CIV deficiencies,
elevated plasma alanine
and proline, OXPHOS
dysfunction associated
with ATPsynthase defect
and assembly

Elevated plasma alanine
and lactate, reduction of

CV dimerization, reduced
ATP synthesis,

Severe psychomotor regression and
extrapyramidal signs, dystonic
postures, athetoid movements,
ataxia, neurological regression,
global dementia, progressive
encephalopathy, early-onset
developmental delay, spasticity,
seizures, lactic acidosis, muscle
hypotonia, failure to thrive, language
regression, subacute rapid
neurological failure

Bulbar dysfunction, dystonia, ataxia,
spasticity, encephalopathy, pulmonary
hypertension, recurrent vomiting,
generalized epileptic tonic-clonic
seizures, psychomotor retardation,
microcephalus, enophthalmos,
hypotonia, pigmentary retinopathy,
developmental retardation and
retrogression, hirsutism, growth
retardation, nystagmus, hypoglycemia,
metabolic acidosis, retinopathy,
failure-to-thrive, hypertrophic
cardiomyopathy, characteristic facial
appearance, bilateral facial weakness,
dysarthria and dysphagia

Gross motor developmental delay,
gross motor regression, persistent
hyperreflexia, bilateral plantar
extensor signs, hypotonia, ocular
movement abnormalities, ptosis, oro-
motor incoordination, neurological
regression, ataxia, hemiplegia,
lethargic, bradycardia,

(Barel et al.,
2008)
(de Lonlay et al.,
2001;Fernandez-
Vizarra et al.,
2007;Baker et
al., 2019)

(Ghezzi et al.,
2011;Atwal,
2014)

(Pitceathly et
al., 2013)
(Hallmann et
al., 2016)

(Lietal.,
2018)

(Antonicka et
al., 2003)
(Oquendo et
al.,
2004;Bugiani
et al., 2005)
(Joost et al.,
2010)

(Lim et al.,
2014)
(Mootha et al.,
2003;Debray
etal,
2011;Mourier
etal.,, 2014)
(Weraarpachai
et al., 2009)

(Barca et al.,
2018)
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Supplementary Table 7.3.2. Table showing mitochondrial genes involved in LS and LS-like disorders. The most prevalent
mutations affecting the different ETC complexes are summarized with the genetic defect and corresponding biochemical and clinical

manifestations.

Mitochondrial genes involved in LS and LS-like disorders

Complexes

Cl

Genes
affected in
LS

MT-ND1

MT-ND2

MT-ND3

MT-ND4

MT-ND5

Genetic
defect

m.3697G>A, m.3980G>A,
m.3928G>C, m.3308T>C,

m.3688G>A, m.3890G>A, m.

3460G>A, m.3946G>A

m.4681T>C, m.4833A>G

m.10158T>C, m.10191T>C,
m.10197G>A, m.10254G>A,
10134C>A

m.11777C>A, m.11984T>C,
m.11240C>T, m.11246G>A,
m.11778G>A

m.12706T>C, m.13513G>A,

m.13084 A>T, m.13511A>T,

m.13042G>A, m.13094T>C,
m.12338T>C, m.13514A>G

Biochemical
defect

ClI deficiency elevated
Kreb cycle intermediate
(especially fumarate and
malate), elevated plasma
and CSF lactate and
pyruvic acid level, elevated
alanine, Increased Cl and
Cll activity, Elevated
valine, isoleucine, and
lysine levels, elevated 3-
ketoglutaric acid levels

Clinical manifestations

Ataxia, developmental delay, lactic
acidosis, psychomotor developmental
retardation, cardiomyopathy, dystonia,
respiratory failure, progressive
encephalomyopathy, strabismus
convergens, scoliosis, hypotonia, myoclonic
jerks, pyramidal syndrome, bradypnoea,
bradycardia, ptosis, ophthalmoplegia,
proteinuria, haematuria, tubulointerstitial
nephropathy, hypertrophic cardiomyopathy,
peripheral neuropathy, optic atrophy,
diabetes mellitus, nystagmus, epilepsy,
stroke-like episodes, cerebral paresis, facial
weakness, impaired hearing, metabolic
acidosis, drowsiness, vomiting, myoclonic
jerks, hypothermia, stroke, oral-motor
dyspraxia, spasticity, hemiparesis,
dysarthria, drowsiness, vomiting, facial
dyskinesia, generalized seizures, episodic
central apneas

References

(Campos et al.,
1997;Hinttala et al.,
2006;Moslemi et al.,
2008;Caporali et al.,
2013;Wray et al.,
2013;Negishi et al.,
2014;Lee et al.,
2016;Spangenberg et
al., 2016;0gawa et al.,
2017)

(Hinttala et al.,
2006;Ugalde et al.,
2007;Ma et al.,
2013;Lee et al., 2016)
(Taylor et al.,
2001;Lebon et al.,
2003;Bugiani et al.,
2004;Crimi et al.,
2004;McFarland et al.,
2004;Sarzi et al.,
2007;Lim et al.,
2009;Naess et al.,
2009;Leshinsky-Silver et
al., 2010;Miller et al.,
2014;Han et al.,
2015;Lee et al., 2016;Li
et al.,, 2019)

(Komaki et al.,
2003;Bugiani et al.,
2004;Vanniarajan et al.,
2006;Hadzsiev et al.,
2010;Lee et al., 2016;Xu
etal, 2017;Yuetal.,
2018)

(Corona et al.,
2001;Taylor et al.,
2002;Crimi et al.,
2003;Kirby et al.,
2003;Petruzzella et al.,
2003;Blok et al.,
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m.14459G>A, m.14487T>C,
m.14439G>A, m.14502T>C

m.14792C>G

m.9537Cinsertion,
m.9952G>A

m.8993T>C/G,
m.9176T>C/G, m.9185T>C

Unlikely to have pathogenic

significance

Normal CI & ClI activity,

elevated lactate, pyruvate, and
alanine levels, decreased COX

activity

Normal enzyme activity in some
patients, Abnormal/normal ATP
synthesis, Abnormal MMP,
Increased ROS, Abnormal
sensitivity to oligomycin,

Impaired CV assembly

Unlikely to have pathogenic significance

Lactic acidosis, tetraparesis,
ophthalmoparesis, convergent
strabismus, reduced visual acuity, and
moderate mental retardation

Ataxia, bulbar palsy, pyramidal tract
involvement, stroke-like episodes,
seizures

2007;Ruiter et al.,
2007;Shanske et al.,
2008;Ching et al.,
2013;Ma et al.,
2013;Han et al.,
2015;Lee et al., 2016)
(Kirby et al., 2000;Lebon
et al., 2003;Bugiani et
al., 2004;Gropman et al.,
2004;Wang et al.,
2009;Ronchi et al.,
2011;Tarnopolsky et al.,
2013;Uehara et al.,
2014)

(Andreu et al.,
1999;Ronchi et
al., 2011)

(Keightley et al.,
1996;Hanna et
al., 1998;Tiranti
et al., 2000)

(Santorelli et al.,
1993;Vilarinho et al.,
2000;Carrozzo et al.,
2001;0gawa et al.,
2017;Piekutowska-
Abramczuk et al.,
2018b;Wei et al.,
2018;Ganetzky et al.,
2019)

60¢
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