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Abstract

This project both develops and employs high throughput phenotypic screening in the
mitochondrial dysfunction research space. Initially, mitochondrial proliferation was
investigated as it has emerged as a potential therapeutic pathway of interest.
Collaborative efforts with the small biotechnology company, Nanna Therapeutics, have
resulted in the screening of millions of bacterial natural product extracts for
mitochondrial proliferation. The current project develops a multi-stage assay pipeline
for the further screening of the hits identified in the work conducted by Nanna
Therapeutics. A total of 10 hit extracts were identified, each capable of inducing
increases in multiple parameters associated with mitochondrial biogenesis, in human
cell lines. Four of the hits were selected for further investigation, as a result of maximal
mitochondrial density increases being achieved with the minimum dose - in

comparison with the remaining hit population.

Mutations affecting the assembly of mitochondrial complexes were also investigated
in the project. Mitochondrial Complex | (Cl) deficiency is the leading biological hallmark
of mitochondrial disease. As such, a high throughput screen has been optimised for
the identification of novel therapeutic agents for the rescue of Cl deficiency. As a result
of the screen optimisation process, the current project also demonstrates the activity
of lead compound for CIl deficiency rescue, MOA2. The developed CI
immunofluorescent staining protocol was also applied to Mitochondrial Complex IV
(CIV) and Mitochondrial Complex Il. Successful optimisation of a quadruple
immunofluorescent technique targeting CI, Cll and CIV followed, which was used to
further show novel effects of MOA2.

This project has given rise to multiple outputs. This thesis details the development of
a high throughput assay pipeline for the discovery of small molecules capable of
inducing mitochondrial proliferation, identifying ten hits. It has also demonstrated the
effects of mitochondrial biogenesis on mitophagy. Finally, the current project has
developed a novel in vitro method for the assessment of mitochondrial complex
deficiencies in cells using immunofluorescent staining, with potential applications to

the mitochondrial disease diagnostic space with further validation.
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Chapter 1:

Introduction



Mitochondria are double membrane bound organelles vital for the survival of complex
eukaryotic cells. Formed from four distinct compartments, the outer and inner
membranes, intermembrane space and matrix; mitochondria produce the majority of
the cellular energy carrier molecule, adenosine triphosphate (ATP), through oxidative
phosphorylation (OXPHOS). This is achieved through the utilisation of an
electrochemical gradient of hydrogen ions (protons), and subsequent membrane
potential, which is formed by the action of the three respiratory complexes pumping
protons from the matrix into the intermembrane space. The active movement of protons
from the matrix, across the mitochondrial inner membrane (MIM) into the
intermembrane space (IMS), results in an increase in pH within the matrix relative to
the IMS and cytosol, as well as a localised relative negative charge within the matrix -
the membrane potential.

The establishment and maintenance of the membrane potential not only supports the
OXPHOS process, but it is critical for an array of additional mitochondrial functions —
both directly and indirectly through the support of mitochondrial protein import. These
functions include calcium homeostasis, reactive oxygen species (ROS) signalling,
steroid synthesis, Iron-Sulphur (FeS) cluster synthesis and apoptotic regulation.

Due to their vital importance in multiple essential cellular pathways, mitochondria
present as vulnerable targets of disease. As mitochondria harbour their own DNA,
genetic mutations can arise in either nuclear or mitochondrially encoded proteins. This
is only one of the complicating factors that impacts the clinical presentation of
mitochondrial diseases, and the efforts being made to discover much needed

therapeutic options for patients.

The following chapter details current knowledge surrounding mitochondria, their form,
function and dysfunctions, as well as currently available therapeutic options and

treatments under research.



1.1 Mitochondrial Evolution

The development of the mitochondrion as an intracellular organelle in the eukaryotic
cell has been recognised as a vital turning point in the evolution of complex life
(Margulis, 1971, Gray et al., 1999, Gray et al., 2001, Falkenberg et al., 2007,
Blackstone, 2015). The most widely accepted theory explaining this energetic
breakthrough is that of endosymbiosis - the engulfment and assimilation of one
organism into another for their mutual benefit. The most likely partners for
endosymbiosis are an a-proteobacteria (pre-mitochondria) and an archaean (pre-
eukaryotic host). Evolutionary advantage is thought to have emerged as a result of
pre-mitochondria specialising into metabolic roles, while the pre-eukaryotic host
ensured survival (Lane and Martin, 2010, Blackstone, 2015, Martin et al., 2015).

The size of the mitochondrial genome, its mechanism of replication and gene
expression bear striking similarities to bacterial processes. The simplicity of mtDNA
structure and packaging, the nature of the mtDNA replication, a lack of introns in RNA’s
and (initially) polycistronic transcripts all indicate a prokaryotic origin (these topics are
explored in depth in section 1.4). These observations provide evidence supporting the

widely accepted theory of the ancient endosymbiotic origin of mitochondria.



1.2 Mitochondrial Structure

The hallmark of mitochondrial structure is an envelope of lipid bilayer membranes.
Individual mitochondria exhibit continual fusion and fission activity in the cell, creating
a dynamic network of interconnected mitochondria and individual puncta. Three
respiratory complexes of the inner membrane contribute to the creation of the proton
motive force, through the pumping of hydrogen ions from the matrix into the inter-
membrane space (IMS), which is maintained by the impermeable nature of the
mitochondrial inner membrane. The movement of hydrogen ions out of the matrix
results in a higher pH in the matrix, relative to the IMS, which generates a potential
difference of approximately 180mV across the inner membrane (Chen, 1988). The
resulting disparity in pH between the IMS and the matrix is the single most important
property of mitochondria, as it directly facilitates all mitochondrial functions. The
mitochondrion consists of a total of two membranes and two compartments, each of

which are briefly outlined below.

1.2.1 Composition of the Mitochondrial Outer Membrane

The mitochondrial outer membrane (MOM) largely separates the whole mitochondrion
from the cytosol, though it remains permeable to any molecules smaller than 5kDa and
allows the passage of small molecule metabolites through the Voltage Dependent
Anion Channel (VDAC). The regulation of ions through VDAC has been shown to
mediate mitochondrially driven apoptosis (Shoshan-Barmatz et al., 2010).

The MOM itself comprises a wide variety of phospholipids, though phosphatidylcholine
(40%) and phosphatidylethanolamine (26%) are the largest contributors to the MOM
(Zinser et al., 1991). These, and low levels of cardiolipin, have been shown to aid in
the formation of membrane-embedded complexes such as the translocase of the outer
membrane (TOM) complex (Gebert et al., 2009, Osman et al., 2011, Aaltonen et al.,
2016). The majority of phospholipids that make up the mitochondrial membranes are
synthesised in the endoplasmic reticulum (ER) (Kennedy, 1958, Cigana and Bakovic,
2014, Schenkel and Bakovic, 2014), which are directly transferred from ER
membranes to the MOM at ER-MOM interface sites — shown in yeast to be tethered
by complexes of ER proteins (Mmm1) and MOM proteins (Mdm34, Mdm10, and
Mdm12) (Osman et al., 2011). Recent advances have identified the mammalian
ortholog of Mmm1 as PDZD8 (Hirabayashi et al., 2017). Mitochondria are known to

synthesise a wide range of phospholipids and small molecules to maintain membrane



composition (Osman et al., 2011, Schenkel and Bakovic, 2014). The MOM plays a
vital role in the dynamic nature of the structure of the mitochondrial network and the
import of mitochondrial proteins from the cytosol — detailed in sections 1.3 and 1.5

respectively.

1.2.2 Composition of the Mitochondrial Inner Membrane

Much like the MOM, the mitochondrial inner membrane (MIM) is composed of
phospholipids synthesised in both the ER and mitochondrial matrix (Zinser et al.,
1991). Phospholipids are first transferred to the MOM from the ER, then transported to
the MIM by SLMO2-TRIAP1 complexes (Aaltonen et al., 2016). Cardiolipin, a
phospholipid concentrated in the MIM, plays an important structural role in protein
complexes, with evidence suggesting that protein super-complexes - higher order
structures of CI, Clll and CIV bound together (Dudkina et al., 2010) discussed in
section 1.6.1 - are destabilised in mitochondria deficient in cardiolipin (Pfeiffer et al.,
2003, Mileykovskaya and Dowhan, 2014, Paradies et al., 2014).

A key feature of the MIM is multiple densely packed invaginations, known as cristae
(Stephan T et al., 2019). Cristae project into the interior space of the mitochondrion
(the matrix) and act to maximise the surface area available for components of the
respiratory chain. This compartmentalises in MIM into two distinct sub-sections: the
inner boundary membrane and the cristae membrane. Cristae are formed by the
mitochondrial cristae organizing system (MICOS) complexes constructing rings in the
inner membrane — from which a phospholipid bilayer can project (Rampelt H et al.,
2017, Kondadi et al., 2020). Oligomers of dimeric mitochondrial Complex V (CV) act to
provide structure to the cristae membranes, defining the curvature of the structure
(Strauss et al., 2008, Rampelt H et al., 2017, Spikes et al., 2020). MICOS complexes
have been shown to completely separate the inner boundary membrane from the intra-
cristae space, forming cristae junctions, and thereby allow each crista to form a proton
motive force that is independent of its’ neighbours (Wolf et al., 2019). Cristae are by
no means static and have been shown to continuously remodel to best meet the needs
of the cell at a given moment (Kondadi et al., 2020). The MICOS complexes also act
as contact sites between the MOM and the MIM to contribute to overall mitochondrial
structure and allow the formation of complexes of protein import machinery; discussed
in section 1.6 (Hoppins et al., 2011, Hovarth et al., 2015).



The MIM is one of the most protein rich biological membranes, with a protein:lipid ratio
of 3:1 (Vogel et al., 2006). The cristae exhibit a significantly different protein population
than the inner boundary membrane (IBM) - the cristae contain the majority of the
respiratory complexes, while the IBM holds more protein import machinery (e.g. TIM
subunits) (Vogel et al., 2006). The TIM complex acts in concert with the TOM complex
to facilitate protein translocation from the cytosol to the mitochondrial matrix

(Wiedemann and Pfanner, 2017) - outlined in forthcoming sections.

1.2.3 The Intermembrane Space

The intermembrane space (IMS) has been recently shown to be divided into two
distinct regions — the boundary membrane space and multiple sub-compartments: the
intra-cristae spaces (Wolf et al., 2019, Kondadi et al., 2020). While the boundary
membrane space is in equilibrium with the cytosol, the intra-cristae spaces, surrounded
by impermeable MIM, allow for the accumulation of protons that provide the
electrochemical gradient to drive ATP synthesis through Complex V, via the process
of oxidative phosphorylation. A large stress placed upon mitochondria, such as
inhibition of Complex I, using the small molecule rotenone or the mitochondrial
uncoupler carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), is known to
induce mitochondrial fragmentation (De Vos et al., 2005, Tauber et al., 2013) through
mitochondrial fission (discussed in section 1.3.1). The risk of membrane potential loss
is divided amongst multiple units through the creation of small mitochondrial puncta.
This also more easily facilitates the targeted degradation of dysfunctional mitochondrial
material, mitophagy (discussed in section 1.5.2), to allow for the re-formation of the
mitochondrial network with remaining healthy mitochondrial matter.

The IMS also plays a role in the import of proteins from the cytosol, harbouring multiple
chaperone proteins for the trafficking of mitochondrial proteins to appropriate
compartments of the mitochondrion. Protein import to mitochondria relies on contact
sites between the MOM and the MIM across the IMS. Protein import is discussed in
greater detail in section 1.5.2.



1.2.4 Mitochondrial Matrix

The aqueous space enclosed by the MIM is known as the mitochondrial matrix. Cristae
project into the matrix creating densely packed lamella-like plate structures along
lengths of mitochondria (Stephan T et al., 2019). The mitochondrial matrix plays host
to all proteins involved in mitochondrial gene expression, housing mtDNA nucleoids,
RNA granules and ribosomes within spaces between these large cristae structures
(Tauber et al., 2013, Stephan T et al., 2019). Mitochondrial DNA and gene expression

are discussed in section 1.4.

The mitochondrial matrix is the site of the Krebs cycle — a large interconnected series
of redox reactions that generate reduced electron carriers (NADH and FADH>), to be
oxidised by the respiratory chain complexes to provide protons for the formation of the
proton motive force (Robinson et al., 1987, Schroeder et al., 2009). The matrix also
houses all enzymes necessary for an array of additional mitochondrial functions,
including B-oxidation of fatty acids, the urea cycle, and the formation of iron-sulphur
(FeS) clusters. These multiple functions of the mitochondrial are discussed in section
1.6.



1.3 Mitochondrial Morpholoqy and Dynamics

Mitochondria often exist within the cell as an extensive dynamic network (Bereiter-
Hahn and Voth, 1994, Chan, 2012, Youle and Bliek, 2012). The two extremes of
multiple punctate spheroids and one complete interconnected network are balanced
using fission and fusion mechanisms. These act in combination to bring about optimal
mitochondrial morphology in a given environment (Sukhorukov et al., 2012, Rafelski,
2013).

Inhibition of fission machinery leaves the mitochondrion in a more interconnected
network, while a reduction in the levels of fusion results in the fragmentation of the
network into small puncta (Chan, 2012). These findings suggest that the two processes
are constantly acting antagonistically to each other, rather than one or the other being

activated as required.

1.3.1 Mitochondrial Fission

Human mitochondrial fission is brought about by the action of the cytosolic GTP-ase
Dynamin Related Protein 1 (Drp1) (Elgass et al., 2013, Prudent and McBride, 2016).
Drp1 is recruited to the MOM by MiD51, a receptor on the cytosolic surface of the MOM
(Ma et al., 2019). Under basal conditions, MiD51 is monomeric in the MOM resulting
in GTP-bound Drp1 being minimally recruited. The dimerisation of MiD51 increases its
binding affinity for Drp1, recruiting oligomeric Drp1 (Ma et al., 2019). Hydrolysis of GTP
by Drp1 further increases interaction strength between MiD51 and Drp1, allowing the
formation of a fission complex of Drp1 which encircles the targeted mitochondrion
leading to fission (Youle and Bliek, 2012, Prudent and McBride, 2016, Ma et al., 2019).
The constriction of Drp1 around the circumference of the mitochondrion is sufficient to
cleave both the MOM and the MIM. The exact mechanism behind the targeting of
specific fission sites remains elusive, however links have been drawn between ER-

mitochondrial contact sites stimulating fission events (Prudent and McBride, 2016).



1.3.2 Mitochondrial Fusion

Fusion is mediated using three proteins, mitofusin (Mfn) 1 and 2, responsible for outer
membrane fusion, and Optic Atrophy Protein 1 (OPA1) which controls inner membrane
fusion (Chan, 2012, Youle and Bliek, 2012).

Mfn1 and 2 are functionally degenerate MOM spanning proteins, which contain a GTP-
ase domain and two hydrophobic repeat domains. Mfn1 and Mfn2 KO cells exhibit
fragmented mitochondria and a lack of fusion activity; the overexpression of either
protein is sufficient to restore healthy mitochondrial morphology (Griffin et al., 2006).
Mfn positive mitochondria cannot fuse with Mfn null mitochondria, thus the presence
of either mitofusin protein, but not necessarily both forms, is required for mitochondrial
fusion (Koshiba et al., 2004). All domains of the Mfn proteins are required for
mitochondrial fusion, truncated Mfn lacking the GTP-ase domain results in tightly
grouped clumps of punctate mitochondria (Koshiba et al., 2004). This is because GTP-
ase activity is required to induce the oligomerisation of mitofusin proteins (Chan, 2012,
Ranieri et al., 2013). The hydrophobic domains of Mfns are instrumental in tethering
mitochondrial membranes together, forming dimers across trans-MOM spaces to allow
fusion (Koshiba et al., 2004, Ranieri et al., 2013).

The fusion of the MIMs of two mitochondria is dependent on the successful fusion of
the two MOMs. OPA1 is a member of the dynamin protein family found in the MIM
which, like Drp1, contains a GTP-ase domain (Guillery et al., 2008, Chan, 2012). The
GTP-ase activity of OPA1 increases upon the formation of homo-multimeric
complexes, which lead to membrane fusion (Chan, 2012). Unlike mitofusin proteins,
OPAA1 is not required on both MIMs of fusing mitochondria — only one OPA1 positive
MIM is required (Song et al., 2009). Despite this, OPA1 has been shown to interact
with Mfn1/2, mechanistically linking outer and inner mitochondrial membrane fusion to
complete the fusion process (Guillery et al., 2008).

As well as being essential for MIM fusion, OPA1 has also been linked to the formation
of mitochondrial cristae, with knockdowns of OPA1 resulting in abnormal cristae
morphology and a reduction in respiration rate (Frezza et al., 2006, Chan, 2012,
Ranieri et al., 2013).

The dynamic nature of the mitochondrial network serves to optimise the activity of the
organelles and allow for the selective degradation of dysfunctional material. The fission
of an area of network with a reduced membrane potential allows for its targeted
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degradation, without affecting the remaining material. Highly fractured networks also
spread the burden of chemical insults and mitochondrial stress across multiple smaller
units, limiting their deleterious effects on the cell. Highly fused networks have been
found to exhibit greater ATP output than equivalent areas of punctate spheroids,
having a greater internal surface area suitable to be used to house crista membranes.
Extensive networks also facilitate improved translocation of material within networks —

allowing the distribution of mitochondrially synthesised proteins (Hoitzing et al., 2015).

Hyper-fusion of mitochondria is noted in cells under starvation conditions,
hypothesised to be an attempt to best optimise nutrient use given limited availability
and protect them from autophagosome engulfment to maintain cell viability (Gomes et
al., 2011). This hypothesis is linked to calcium ion handling (discussed in section 1.6.5),
in that fused networks have been modelled to show that calcium diffuses from the
endoplasmic reticulum (ER) into a greater mitochondrial area in comparison to fissile
mitochondria. This is proposed to allow for the control of calcium concentrations to
optimise ATP synthesis: calcium does not reach fragmented material, while hyper-
fusion serves to ‘dilute’ calcium in a greater volume of mitochondria. Optimum calcium
handling, under basal conditions, is proposed to occur when mitochondria exhibit both
fusile and fissile behaviour (Hoitzing et al., 2015).

It can be concluded that a balance of fusion and fission, resulting in a dynamic
mitochondrial network, is required for healthy cellular responses to ever-changing

environmental stimuli and challenges.
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Fig 1.1 A schematic of the basic processes of mitochondrial fission and fusion (Liu et al., 2020)
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1.4 Mitochondrial DNA and Protein Expression

1.4.1 The Mitochondrial Genome

Mitochondrial DNA is held within the mitochondrial matrix, as single molecules of DNA
arranged as loops, similar to prokaryotes. Mitochondria are polyploid: the copy number
of the mitochondrial genome present in a single cell can range from 100 to 500,000,
dependent on cell type (Reynier et al., 2001, Zhang et al., 2017b). mtDNA molecules
are packaged in a coat of Mitochondrial Transcription Factor A (TFAM), essential for
mtDNA replication and transcription (Alam et al., 2003). Again, similar to prokaryotic
DNA and unlike eukaryotic DNA, which is abundant in non-coding regulatory regions,
the vast majority of mtDNA is coding. Each mitochondrial genome molecule contains
37 genes, formed from 16,569 base-pairs, of which 13 encode proteins; subunits of
the components of the oxidative phosphorylation (OXPHOS) machinery (Anderson et
al., 1981, Gustafsson et al., 2016). The remaining 24 mtDNA gene products consist of
22 transfer RNAs (tRNAs) and 2 ribosomal RNAs, which are essential for the
translation of the afore mentioned 13 mitochondrial proteins (Anderson et al., 1981,
Lightowlers et al., 2015). The two mtDNA strands have been named “Heavy” and
“Light”, due to markedly different total molecular masses; the heavy strand contains
more purine bases than the light strand. Both the heavy and light stands of mtDNA
code for genes. The light strand codes for MT-NDG6, and eight of the 22 mt-tRNA’s
(Anderson et al., 1981), while the heavy strand codes for the remainder of the mt-
tRNA'’s (Falkenberg et al., 2007, Temperley et al., 2010).

1.4.2 Mitochondrial DNA Inheritance

Mitochondrial DNA is inherited exclusively through the maternal line in humans (Wei
and Chinnery, 2020). Examples of non-maternal mtDNA inheritance have been shown
in other species; some plants acquire DNA from pollen, while some molluscs exhibit
doubly uniparental inheritance - males of the species inherit mtDNA solely from the
paternal line (Ladoukakis and Zouros, 2017). Mammalian mtDNA maternal inheritance
is enforced through the rapid ubiquitination and degradation of sperm mitochondria,
upon fertilisation of the oocyte (Sutovsky et al., 1999). Before fertilisation, mtDNA is
subject to a bottleneck, in that all cells in the resulting human originate from one oocyte,
containing select mitochondria. In the case of healthy mothers, this effect is irrelevant,
however, there are great implications for female mitochondrial disease patients

seeking to have children (Carling et al., 2011) — discussed in section 1.8.2.
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1.4.3 Mitochondrial DNA Replication

The core protein of mtDNA replication is DNA Polymerase y (POLy), which in humans
is a heterotrimer between one POLyA, and two copies of POLyB (Fan et al., 2006).
The machinery of mtDNA replication as a whole resembles those found in
bacteriophages, potentially indicating bacterial origin, having acquired genes from
bacteriophage attack, while human POLyA shares its family with bacterial DNA
polymerase | (Shutt and Gray, 2006, Gustafsson et al., 2016).

The majority of regulatory elements in mtDNA are contained in a single non-coding
region: the D Loop, with the notable exception of the Light Strand Origin of Replication
(Ovr) at approximately 11,000bp downstream of the D-Loop (Falkenberg et al., 2007).
The D Loop is flanked on at the 5’ end by the three CSBs and on the 3’ end by the
Termination Associated Sequence (TAS) site. The exact mechanism of mtDNA
replication remains contested, however, the single strand displacement model
predominates over others (Robberson et al., 1972, Clayton, 1982, Gustafsson et al.,
2016).

In this model, mtDNA replication begins with RNA primer formation facilitated by
POLRMT, TFAM and TFB2 at the light strand promoter (LSP), spanning three
Conserved Sequence Boxes (CSBs). The RNA primer is required for the initiation of
replication at the Heavy Strand Origin of Replication (On) (Gustafsson et al., 2016).
Transcription proceeds from the LSP forming a G-quadruplex structure of nascent RNA
and non-template DNA strand between CSBs 3 and 1, resulting in premature
transcription termination at CSB2 giving the RNA primer (Falkenberg, 2018).
Mitochondrial Transcription Elongation Factor is proposed to act as a regulator in this
process, its activity is hypothesised to prevent or allow the continuation of transcription,
covered in section 1.4.5 (Agaronyan et al., 2015). Initiation of replication from the RNA
primer in the D Loop often terminates at the TAS site, producing a 650 nucleotide long
section of DNA known as 7S DNA, which remains bound to the L-Strand forming a
short triplex stretch, which displaces the nascent H-Strand and gives the D Loop its
name (Falkenberg, 2018). With this structure in place, DNA replicating POLy stalls at
the 3’ end of the D Loop; the mtDNA helicase TWINKLE then acts as a key regulator
in allowing DNA replication to move past the TAS, through a currently unelucidated
mechanism (Falkenberg, 2018). TWINKLE occupancy in the D-Loop is low under basal
conditions but increases with low mtDNA copy number to remove the 7S DNA and
allow POLYy to bind and continue DNA synthesis (Jemt et al., 2015).
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DNA replication facilitated by POLy proceeds as the mtDNA helicase TWINKLE
unwinds the mtDNA double helix, traveling in the 5’ to 3’ direction with POLy (Korhonen
et al., 2004). During this process, the parental H strand exists as a single strand,
vulnerable to sporadic and unregulated transcription. This is prevented by the
association of mitochondrial single-stranded DNA-binding protein (mtSSB) (Miralles
Fuste et al., 2014). Once DNA replication reaches the Light Strand Origin of Replication
(OvL), the parental Heavy Strand forms a stem-loop at the O. site, preventing the
association of mtSSB. This action allows POLRMT to bind and produce the primer
required for DNA synthesis of a new light strand (Gustafsson et al., 2016). The
synthesis of daughter strands of DNA continues until both have completed a full copy
of the mtDNA genome. As replication proceeds, daughter strand synthesis is proofread
by an exonuclease domain of POLYA; incorrect base pairing results in the reversal of
POLy progression, the excision and replacement of falsely bound nucleotides (Macao
et al., 2015). For DNA synthesis to complete a circuit of the genome, RNA primers,
used to initiate DNA replication, are removed by RNase H1 and MGME1 (Gustafsson
et al., 2016, Nicholls and Gustafsson, 2018). Upon a complete cycle of the mtDNA
genome POLYy exhibits idling activity; the synthesis and subsequent excision of a small
number of nucleotides in the region preceding the 5’ end of newly synthesised DNA
(Macao et al., 2015, Gustafsson et al., 2016). DNA ligase lll then creates a
phosphodiester bond between juxtaposed 3’ and 5 ends of daughter DNA strands.
Effective termination of mtDNA replication is dependent on exonuclease activity of
POLy, without such activity DNA synthesis proceeds into duplex DNA, creating a
substrate incompatible for DNA ligase Il (Macao et al., 2015).

Key:
—— Parental L-strand — Parental H-strand

—— Nascent L-strand —— Nascent H-strand —— RNA
@ roLy @TWWKLE 6 POLRMT @ miSSB

Fig 1.2. The strand displacement model of mtDNA replication (Falkenberg, 2018).

This mode of replication results in the concatenation of the two daughter mtDNA
molecules at On (Nicholls and Gustafsson, 2018, Nicholls et al., 2018). This complex
of mMtDNA molecules, interlinked by a single strand, is resolved by Top3a — a type IA
topoisomerase localised to both the nucleus and mitochondrial matrix (Nicholls et al.,
2018). Cells subject to a knockdown of Top3a exhibit reduced mtDNA copy number
highly concatenated nucleoids by EM (Nicholls et al., 2018).
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1.4.4 Mitochondrial Transcription

Mitochondrial RNAP (POLRMT) is a single polypeptide, which contains several
conserved motifs shared with bacteriophage RNAP enzymes (Masters et al., 1987,
Titranti et al., 1997). The small size of POLRMT further contrasts the much larger
complexes observed in eukaryotes (Nogales et al., 2017). POLRMT only becomes
transcriptionally active when associated with TFAM and mitochondrial transcription
factor 2 (TFB2M) (Falkenberg et al., 2002, McCulloch et al., 2002). All transcription of
mtDNA begins within the D Loop (Falkenberg et al., 2007, Gustafsson et al., 2016).
The distinct absence of multiple regions of non-coding DNA, serving as binding sites
for activators or repressors for gene expression regulation, contrasts its eukaryotic
nuclear counterpart (Lee and Young, 2000). Again resembling prokaryotic systems,
transcription from mtDNA initially results in polycistronic RNA (Sarkar, 1997,
Falkenberg et al., 2007). Transcription which commences on the Light Strand Promotor
(LSP) in the D-Loop, when facilitated by active Mitochondrial Transcription Elongation
Factor (TEFM) (Agaronyan et al., 2015), results in the synthesis of a single
polycistronic RNA molecule encoding one mRNA encoding MT-NDG6, and eight of the
22 mt-tRNA’s (Falkenberg et al., 2007, Temperley et al., 2010). Transcription initiation
at the H site promoter (HSP) generates a large polycistronic RNA molecule encoding
all genes on the heavy strand of mtDNA (Falkenberg et al., 2007, Temperley et al.,
2010). The polycistronic RNAs are immediately processed in RNA granules in close
proximity to mtDNA nucleoids (Jourdain et al., 2013, Jourdain et al., 2016): RNA
cleavage normally occurs at 5’ and 3’ ends of tRNA genes, by RNases P and Z
respectively, resulting in monocistronic mt-mRNAs, with the notable exceptions of
ATP6/8 and ND4/ND4L (Sarkar, 1997, Temperley et al., 2010, Hallberg and Larsson,
2014). The majority of mt-mRNA species are then polyadenylated, adding
approximately 50 nucleotides to each molecule, with two exceptions of ND5 and the
mt-rRNAs — gaining <10 nucleotides each (Temperley et al., 2010).
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1.4.5 Mitochondrial Translation

Mitochondria contain all the machinery necessary for functional protein synthesis,
though all protein components are encoded by the nucleus (Roodyn et al., 1961,
Lightowlers et al., 2014). The Svedberg value, a measure of ribosomal density, for the
mitochondrial ribosome (mitoribosome), is 55S, lower than both prokaryotic ribosomes
(the 70S) and eukaryotic ribosomes (80S) (Kapp and Lorsch, 2004, Rodnina, 2018).
Mitoribosomes are composed of a 28S small subunit, containing one rRNA (12S) and
30 proteins, and a 39S large subunit formed from one rRNA (16S), 53 proteins and a
structural tRNAVal (Greber et al., 2015, Amunts et al., 2015). The lower Svedberg
value, indicative of a reduced density, of the mitoribosome, is due in part to the
inversion of the ratio of RNA:Protein relative to others: from 2:1 in the cytosol to 1:2 in
the mitochondrial matrix (Lightowlers et al., 2014). Much of the rRNA, present in other
examples of ribosomes, has been lost in mitoribosomes, with some spatial voids filled
with additional polypeptides with no orthologs — other voids remain resulting in a
relatively porous structure relative to other ribosomes, which further contributes to the
low density of mitoribosomes (Sharma et al., 2003, Greber et al., 2014, Lightowlers et
al., 2014). Despite clear similarities to bacterial translation systems, distinct differences
are apparent. Newly transcribed mRNA enters into RNA granules, found adjacent to
mtDNA nucleoids (Iborra et al., 2004, Pearce et al., 2017), for processing and
maturation (Antonicka and Shoubridge, 2015, Jourdian et al., 2016). Therefore, co-
transcriptional translation - common in prokaryotes - is highly unlikely to occur in
mitochondria (Kohler et al., 2017). Many other features present in bacteria, such as
Shine-Dalgarno sequences to aid with the correct loading of mRNA to ribosomes, are
not found in mitochondrial translation (Ma et al., 2002, Lightowlers et al., 2014). Sites
of mitochondrial translation from mature mt-mRNAs, from RNA granules, are localised
at cristae membranes and are spatially distinct from RNA granules themselves (Zorkau
et al., 2021).

All proteinaceous translational machinery is coded for in the nucleus and imported into
mitochondria from the cytosol, with the notable exceptions of mt-tRNA’s and both mt-
rRNAs (Temperley et al., 2010). As well as all mitochondrial ribosomal proteins, these
imported proteins include two initiation and two elongation factors, as well as one
canonical termination factor and all enzymes required for post-transcriptional
modification of proteins, mitoribosome assembly, mitoribosome turnover and all
required tRNA synthetases (Gray, 2012, Lightowlers et al., 2014).
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1.5 Mitochondrial Turnover and Degradation of Aberrant Mitochondrial Proteins

Mitochondrial material is in a state of constant turnover. New mitochondrial material is
synthesised (mitochondrial biogenesis) while dysfunctional mitochondria are degraded
(mitophagy). This turnover allows the cell to maintain a healthy population of
mitochondria, and so is critical to the adaptation of cells to a dynamic environment (Zhu
et al., 2013).

1.5.1. Mitochondrial Biogenesis

Mitochondrial biogenesis (MB) requires the co-ordinated action of both nuclear and
mitochondrial genomes, as well as the de-novo synthesis of lipids for the formation of

new mitochondria.

Several transcription factors and co-activators have been identified that are associated
with mitochondrial biogenesis. These include Nuclear Respiratory Factor (NRF)-1,
NRF-2 (also referred to as FA-Binding Protein, GABP), the Peroxisome Proliferator-
Activated Receptor (PPAR) proteins and their co-activators, and the oestrogen related
receptors (ERRs) (Scarpulla, 2002, Hock and Kralli, 2009, Eichner and Giguére, 2011).

Nuclear Respiratory Factors and Peroxisome Proliferator-Activated Receptors

NRF-1 is responsible for the downstream expression of the mitochondrial genome,
through the induction of Mitochondrial Transcription Factor A (TFAM) (Hock and Kralli,
2009) — which also plays a pivotal role in mtDNA replication and MB (Scarpulla, 2008).
The overexpression of NRF-1 in transgenic mice alone does not give rise to an
increased respiratory capacity or MB (Baar et al., 2003). This finding indicates that
other factors are required to work in concert with NRF-1 to bring about MB. NRF-2
partially fulfils this role, possessing DNA binding domains, which recognise elements
in nuclear genes encoding OXPHOS components, TFAM and mitochondrial import

proteins (Scarpulla, 2008) as well as multiple anti-oxidant enzymes (Dong et al., 2008).

The Peroxisome Proliferator Activator Receptor (PPAR) proteins regulate the
expression of proteins associated with fatty acid oxidation, having direct implications
for mitochondrial function (Hock and Kralli, 2009). PPARa and /8 are associated with
fatty acid oxidation and catabolism, while PPARy promotes lipid anabolism and

accumulation. High levels of PPARa and /6 have been reported in metabolically active
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liver and heart tissue; whereas high levels of PPARYy is observed in white adipose
tissue (WAT) — highly anabolic lipid storage tissue (Evans et al., 2004, Hock and Kralli,
2009).

PPARYy has also been shown to control the translation of mitochondrial uncoupler
proteins 1 (UCP1) (Sears et al., 1996). UCP1 has been shown to deplete the
mitochondrial membrane potential by partially permeabilising mitochondrial
membranes, releasing protons from the IMS allowing them to bypass CV (Demine et
al., 2019). UCP1 is stringently regulated by GDP and Free Fatty Acid (FFA)
concentrations; GDP binding inhibits UCP1 activity, while FFAs are known to promote
membrane potential depletion and further increased by phosphorylation at serine
residue at positions 3, 4 and 51, by Cyclin Dependent Kinase 2 (CDK2) and Protein
Kinase C (PKC) (Carroll et al., 2008, Demine et al., 2019). The respiratory chain acts
to re-establish the membrane potential, generating excess heat as a product of
electron transport reactions. Mitochondria are most commonly uncoupled, and are
consequently highly catabolic, in brown adipose tissue (BAT) (Handschin and
Spiegelman, 2006).

PPARYy is expressed in both BAT and WAT, though these tissues exhibit drastically
contrasting metabolic activity. This functional specificity between tissue types is
brought about in part by differing levels and activities of PPARy Coactivator-1a (PGC-
1a) (Handschin and Spiegelman, 2006). The exposure of cells to PPARy agonists has
been shown to increase the expression of PGC-1a, the binding of PGC-1a to PPARy
changes the transcriptional behaviour of PPARy to bring about the markedly
contrasting phenotypes of WAT and BAT (Hock and Kralli, 2009).
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Oestrogen Related Receptors

The oestrogen related receptors (ERRs) a, B and vy, regulate the transcription of
tricarboxylic acid cycle, OXPHOS and fatty acid oxidation genes (Eichner and Giguére,
2011, Scarpulla et al., 2012). The ERRs are expressed in tissues associated with
elevated metabolic activity: cardiac, renal, and skeletal muscle tissues. ERRa levels
are also high in BAT, while both ERRa and y are expressed in the brain (Eichner and
Giguére, 2011). ERRs are associated with a number of co-regulators, including PGC-
1a, which significantly alter target genes (Hock and Kralli, 2009, Eichner and Giguére,
2011). ERRa/ PGC-1a association has been linked to ATP and nucleotide synthesis
as well as amino acid and lipid metabolism, AMPK signalling and heme biosynthesis
(Eichner and Giguére, 2011).
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PGC-1a

Of all relevant co-regulators of transcription, PGC-1a is the most prominent, interacting
with, and increasing the activity of: NRF-1, NRF-2, ERRa and PPARR/&. This array of
efficacy has resulted in PGC-1a being widely renowned as the master regulator of MB
(Handschin and Spiegelman, 2006, Giguére, 2008, Hock and Kralli, 2009, Wallace et
al., 2010, Eichner and Giguére, 2011, Komen and Thorburn, 2014, Lightowlers et al.,
2015, Rai et al., 2015, Ploumi et al., 2017).

Transcriptional Control of PGC-1a

PGC-1a is under the transcriptional control of cAMP response element-binding protein
(CREB); the activity of which is increased by protein kinase A (PKA) as cAMP levels
increase (Herzig et al., 2001, Hock and Kralli, 2009). CREB activity in muscle can also
be induced by an increase in intracellular calcium, as a result of prolonged exercise.
The increase is detected by Ca?*/calmodulin-dependent protein kinase (CAMK), which
phosphorylates p38 mitogen-activated protein kinase (MAPK) and CREB via protein
kinase A (Rockl et al., 2008, Hock and Kralli, 2009, Fernandez-Marcos and Auwerx,
2011). PGC-1a transcription is also regulated by Tfe3 and Tfeb of the MiT family of
transcription factors. These transcription factors recognise three E-box motifs within
the PGC-1a gene to upregulate transcription (Salma et al., 2015). The knockdown and
overexpression of Tfe3 results in reduced and raised levels of PGC-1a respectively;
the effects of which are reflected in PGC-1a target genes (Salma et al., 2015).

The yin-yang 1 (YY1) transcription factor binds PGC-1a, forming a complex that
promotes transcription of both cytochrome ¢ and PGC-1a, forming a positive feedback
loop for PGC-1a expression (Cunningham et al., 2007). YY1/PGC-1a function is under
the regulatory control of mMTORC1; rapamycin inhibition of mTOR results in a decrease
in the transcription of YY1 associated genes (Cunningham et al., 2007). This branch
of control over PGC-1a expression via YY1 and mTOR allows for nutrient sensing in
the cellular environment (Foster and Fingar, 2010). PGC-1a expression is further
mediated by activation transcription factor 2 (ATF2 — of the p38MAPK pathway) which
acts as a co-activator for CREB (Fernandez-Marcos and Auwerx, 2011, Salma et al.,
2015). Myocyte enhancer factor 2 (MEF2), also part of the p38MAPK pathway, acts as
an autoregulatory feed-forward loop for PGC-1a (Czubryt et al., 2003, Fernandez-
Marcos and Auwerx, 2011).
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Transcriptional repression provides an additional arm of expression control. RIP140 is
a co-repressor of the NRFs and ERRs involved in the repression of catabolism in WAT
and muscle (Powelka et al., 2006, Hallberg et al., 2008). RIP140 has been shown to
bind repressor regions in genes associated with MB, fatty acid oxidation and OXPHOS
(Powelka et al., 2006). Furthermore, RIP140 binds and inhibits the co-transcriptional
activity of PGC-1a (Hallberg et al., 2008). Knockdowns of RIP140 result in muscle fibre
type switch, from fast-twitch anaerobic to slow-twitch aerobic respiratory pathways
(Seth et al., 2007). Seth et al., 2007, also reported reduced mitochondrial activity in
RIP140 overexpressing transgenic mice, concluding that RIP140 and the PGC-1 co-

regulators “serve mutually antagonistic functions” regarding mitochondrial activity.

Nuclear receptor co-repressor 1 (NCoR1) is a highly conserved repressor of PPAR/S,
ERRs and MEF2; knockouts of NCoR1 in mice show increases in oxidative capacity
and lipid oxidation (Yamamoto et al., 2011). Forkhead box class-O protein (FoxOl) is
an additional transcription factor, which promotes the expression of PGC-1a. FoxOl is
phosphorylated and deactivated by AKT in response to insulin signalling, reducing the
transcription of PGC-1a (Fernandez-Marcos and Auwerx, 2011). Glucagon signalling
has also been shown to activate PKA, and subsequently activate CREB, to induce
PGC-1a transcription (Fernandez-Marcos and Auwerx, 2011). The complex web of
transcriptional control of PGC-1a transcription is summarised in Fig 1.3.
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Fig 1.3. Regulation of peroxisome proliferator-activated receptor coactivator 1a (PGC-1a)
transcription. At the PGC-1a promoter, there are binding sites for transcription factors myocyte
enhancer factor 2 (MEF2), forkhead box class-O (FoxO1), activating transcription factor 2 (ATF2),
and cAMP response element—binding protein (CREB), all of which enhance PGC-1a transcription.
Additionally: insulin activates AKT, which leads to cytoplasmic sequestration and inhibition of
FoxO1; cytokines and exercise activate p38 mitogen-activated protein kinase (p38MAPK), which
phosporylates and activates MEF2 and ATF2; exercise also stimulates Ca2+ signalling, which
leads to MEF2-mediated PGC-1a transcription. Cold activates R3-adrenergic receptors (R3- AR)
lead to CREB activation. (Fernandez-Marcos and Auwerx, 2011)
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Post-translational Control of PGC-1a

Post-translational activity suppression is primarily controlled through acetylation by
GCNS at a large number of lysine sites throughout the structure of PGC-1a (Lerin et
al., 2006, Fernandez-Marcos and Auwerx, 2011). GCN5 was shown to sequester
PGC-1a to nuclear foci in hepatocytes and significantly reduce its transcriptional
activity (Ploumi et al., 2017). This repressor is under the control of the transcription
factor SRC-3 (Scarpulla et al., 2012), a sensor of caloric excess. Conversely, caloric
restriction is a well-documented inducer of MB (Jornayvaz and Shulman, 2010, Komen
and Thorburn, 2014), which also serves to increase the lifespan of a variety of
laboratory animals (Weindruch and Sohal, 1997). GCN5 utilises acetyl groups from
ATP-citrate lyase. The concentration of these groups is dependent on high levels of
ATP, and on the availability of acetyl-CoA as a provider of acetyl groups and is thereby
closely linked to high nutrient availability (Jeninga et al., 2010, Fernandez-Marcos and
Auwerx, 2011).

Oxidative stress has been shown to activate GSK3f which in turn phosphorylates
PGC-1a at Thr295 - initiating the signalling cascade necessary for PGC-1a
degradation (Fernandez-Marcos and Auwerx, 2011).

Post-translational activation of PGC-1a is largely regulated by sirtuin-1 (SIRT1), an

NAD* dependent protein deacetylase (Fernandez-Marcos and Auwerx, 2011, Cerutti
et al., 2014). SIRT1 is a sensor of the NAD*:NADH ratio, which becomes active with

high levels of NAD* relative to NADH. NAD* levels increase with exercise and fasting
in vivo (Rodgers et al., 2005, Canté and Auwerx, 2009), therefore, SIRT1 acts as a
monitor for the respiratory and glycolytic activity of a cell. As a sensor of NAD*, SIRT1
further monitors and mitigates against oxidative stress. An increase in SIRT1 activity
leads to the downstream expression of anti-oxidant enzymes such as SOD1, SOD2,
catalase and glutathione peroxidase (Dong et al., 2008), through the action of PGC-1a
on NRF2 (Fernandez-Marcos and Auwerx, 2011). PGC-1a is activated by SIRT1
through deacetylation, at the GNC5 acetylation sites in PGC-1a (Fernandez-Marcos
and Auwerx, 2011).

As well as playing key roles in PGC-1a expression, p38MAPK has been shown to
phosphorylate PGC-1a at Thr263, S266 and Thr299 increasing its co-transcriptional
activity (Fernandez-Marcos and Auwerx, 2011).
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AMPK is a sensor of AMP levels (in the form of AMP:ATP ratio), which is activated with
high AMP levels. This occurs during periods of caloric restriction and chronic exercise,
(Rockl et al., 2008). AMPK has been shown to phosphorylate PGC-1a at Thr177 and
Ser538 leading to PGC-1a inducing its own transcription (St-Pierre et al., 2006). AMPK
also acts on PGC-1a indirectly through the downstream upregulation of NAD™ levels.
This is caused by an increase in fatty acid oxidation, due to AMPK signalling cascades,
and an elevation in the rate of synthesis of NAD" - which serves to activate SIRT1 and

increase PGC-1a activity (Fernandez-Marcos and Auwerx, 2011).

Necdin has been identified as a potential stabiliser of PGC-1a. Necdin/PGC-1a
complexes inhibit the ubiquitin-dependent degradation of PGC-1a (Hasegawa et al.,
2016). Knockdowns of necdin have been shown to reduce the expression of PGC-1a
induced genes. The overexpression of necdin in primary cortical neurons elicited a
neuroprotective effect upon insults with oligomycin, and also prevented
neurodegeneration in experimental models of Parkinson’s disease (Hasegawa et al.,
2016).
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1.5.2 Import of Nuclear Encoded Proteins into Mitochondria

Mitochondria contain approximately 1,100 proteins, of which only 13 are encoded by
mtDNA; the remainder are imported from the cytosol (Calvo et al., 2016, Craven et al.,
2017, Rath et al., 2021). Efficient protein import from the cytosol is vital to ensure
mitochondria remain functional, and to facilitate effective mitochondrial biogenesis. To
date five protein import pathways have been described, all of which rely on the
Translocase of the Outer Membrane (TOM) complex and the maintenance of the
proton motive force and mitochondrial membrane potential (Wiedemann and Pfanner,
2017).

Targeting Pre-Sequence Containing Proteins

Targeting pre-sequences on the N-termini are found on proteins destined for import
into the mitochondrial matrix, or for insertion into the inner boundary membrane or
crista membrane. Subunit TOM20 of the import complex forms a receptor groove into
which the alpha-helical import sequences dock, through predominantly hydrophobic
interactions (Abe et al., 2000). The presence of cations in the pre-sequence is essential
for import as the MOM spanning channel formed by TOM40 shows cationic selectivity
(Ahting et al., 2001). Once a pre-sequence is recognised, the protein is passively
drawn towards the IMS through TOM40 and shuttled to the Translocase of the Inner
Membrane (TIM) complex. At this point, a protein is sorted into one of two sites: the
matrix, or the inner mitochondrial membrane. In the case of the matrix, TIM50
recognises the pre-sequence and shuttles the protein through a pore in the MIM formed
by TIM23, this process is driven by both active and passive processes. Heat Shock
Protein 70 (Hsp70), bound to TIM44, interacts with the protein in transit — its kinase
activity results in a ratcheting effect allowing further Hsp70 proteins to bind to the
imported protein (Kang et al., 1990, Craig, 2018). This active process is complemented
by the relative negative charge of the matrix passively drawing the cationic pre-

sequence through the pore, (Martin et al., 1991).

Once in the matrix, the targeting pre-sequence is cleaved from the protein by
Mitochondrial Processing Peptide (MMP). Protein folding is often facilitated by Hsp60
and Hsp10 giving the final matrix protein (Ostermann et al., 1999). In the case of inner
membrane proteins, work carried out in yeast found that TIM23 acts in concert with
Mgr2, human homolog being ROMO1 (Norton et al., 2014), to release proteins with

very hydrophobic targeting sequences into the inner membrane itself — forgoing pre-
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sequence cleaving (Wiedemann and Pfanner, 2017). Another pathway combining
these two processes has been described — conservative sorting (Hartl et al., 1986,
Rojo et al., 1995). In Oxidase Assembly (OXA) protein sorting, proteins are shuttled
through TIM23 and pre-sequences are cleaved in the matrix, as previously described,
but C-termini are inserted into the MIM via OXA1L (Wiedemann and Pfanner, 2017).
OXA1L also facilitates the insertion of mitochondrially encoded proteins into the MIM,
to combine with nuclear encoded proteins to form respiratory chain complexes
(Wiedemann and Pfanner, 2017).

The Carrier Pathway

The carrier pathway, so named as it specifically imports metabolite carriers into the
MIM, requires the chaperone Hsp70 to bind the protein for import in the cytosol, which
interacts with TOM70 before the protein is passed through the MOM via TOM40
(Wiedemann and Pfanner, 2017). The N-terminus of TOM40 recruits a hexameric
complex formed of three TIM9 and three TIM10 subunits, which acts as a chaperone
through the IMS (Wiedemann and Pfanner, 2017). The imported protein is passed,
mid-section first, to the IMS chaperone (Wiedemann et al., 2001). Once in the IMS,
interactions between TIM54 and the IMS chaperone result in the imported protein
being passed to TIM22, which in the presence of a membrane potential, transports the
imported protein laterally into the MIM (Rehling et al., 2003).

Import of Cysteine Rich Proteins

Cysteine rich precursors, destined for the IMS, are maintained in a reduced state in
the cytosol and translocated across the MOM by TOM40 (Wiedemann and Pfanner,
2017). Once in the IMS, the proteins are oxidised by MIA40, which is in turn indirectly
reduced by Cytochrome C Oxidase (via Erv1l and Cytochrome C) (Mesecke et al.,
2005). The oxidation of the sulphide containing residues forms disulphide bridges,
forming the proteins' tertiary structure (Wiedemann and Pfanner, 2017).

Import of Mitochondrial Beta-Barrel Proteins

Beta-barrel precursors to be inserted into the MOM first cross the membrane through
TOM40, to be further chaperoned by the TIM9/10 IMS chaperone complex to the
Sorting and Assembly Machinery (SAM) complex in the MOM, for protein folding and
insertion into the MOM (Klein et al., 2012, Wiedemann and Pfanner, 2017).
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Import of Mitochondrial Alpha-Helical Proteins

The fifth known import pathway acts upon alpha-helical proteins to be inserted directly
into the MOM. The mitochondrial import complex recognises N-terminal signal anchor
sequences to facilitate their insertion. This is distinct from the previously discussed
mitochondrial import pre-sequence, because anchor sequences are not cleaved from
the protein, and are instead used to hold the protein in place in the MOM (Wiedemann
and Pfanner, 2017). Proteins of this nature with IMS domains are translocated to the
IMS, where the TIM50 receptor protein of TIM facilities the transfer of the protein to the
MOM (Wiedemann and Pfanner, 2017).
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Fig 1.4. A schematic of the five major mitochondrial protein import pathways (Wiedemann and
Pfanner, 2017).
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1.5.3 Mitophagy

Degradation of whole mitochondria is achieved through mitochondrial-specific
autophagy (mitophagy). Mitophagy is invoked to control the health of the mitochondrial
population or adjust the metabolism of the cell to suit the environment (Palikaras et al.,
2018). Effective mitophagy is dependent on mitochondrial fission, the two processes
are tightly interlinked (Twig and Shirihai, 2011). Mitochondrial material needs to be of
an appropriate size to be engulfed by an autophagosome; mitochondrial fission plays
a key role in separating damaged mitochondrial material for destruction from an

otherwise healthy and functional mitochondrial network (Shirihai et al., 2015).

PINK1/Parkin

Under basal conditions and in the presence of a well-maintained membrane potential,
the PINK1 kinase is imported into the MIM where is it proteolytically cleaved (Sekine
and Youle, 2018). Once cleaved, PINK1 is unable to trigger mitophagy. If a significant
membrane potential is lacking in a mitochondrion, a common marker of mitochondrial
dysfunction, PINK1 is not imported and is instead stabilised in the MOM (Harper et al.,
2018). PINK1 autophosphorylation recruits the ubiquitin ligase, Parkin, to the MOM
(Harper et al., 2018, Sekine and Youle, 2018). PINK1 subsequently phosphorylates
Parkin, activating its ubiquitin (Ub) ligase activity (Harper et al., 2018). Due to Parkin
activity, MOM proteins become poly-ubiquitinated. Poly-Ub chains are substrates for
phosphorylation by PINK1 (Ordureau et al., 2014). Poly-phospho-Ub chains are poor
targets for deubiquitinases, relative to poly-Ub chains, creating a stable marker for
mitophagic degradation (Palikaras et al., 2018).

PINK1 further indirectly triggers Drp1 activity, which leads to mitochondrial fission, in
preparation for autophagosome encapsulation of the dysfunctional mitochondrion
(Palikaras et al., 2018). Parkin has also been shown to inhibit the function of mitofusin
proteins, preventing the re-incorporation of dysfunctional mitochondria into the
remaining healthy mitochondrial network (Gong et al., 2015).

The presence of poly-phospho-Ub chains leads to autophagosome engulfment of the
dysfunctional mitochondrion through indirect recruitment of autophagosomal light
chain 3 (LC3) (Palikaras et al., 2018).
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Mitophagy Receptors

Several proteins have been shown to localise to the MOM, which directly interact with
LC3II to recruit autophagosomes to mitochondria (Palikaras et al., 2018). LC3lII plays
an important role in binding to cargo for degradation in autophagy, (Gatica et al., 2018).
Autophagy is dependent on the conversion of inactive LC3 to active LC3II through the
conjugation of phosphatidylethanolamine to the protein, through the action of ATG7
and ATG3 (Tanida et al., 2004, Tanida et al., 2008). Mitophagy receptor proteins are
briefly outlined below.

BNIP3

As well as directly interacting with LC3Il, BCL2 interacting protein 3 (BNIP3) serves to
stabilise PINK1 by inhibiting its degradation (Zhang et al., 2016), promoting mitophagy
via the PINK1/Parkin pathway. BNIP3 has further been shown to disassemble OPA1,
while recruiting Drp1 to the MOM, to both reduce the rate of mitochondrial fusion and
increase that of fission (Palikaras et al., 2018). BNIP3 can also be ubiquitinated by
Parkin to enhance LC3Ill interaction and thereby autophagosome recruitment
(Palikaras et al., 2018). Under hypoxic conditions mitochondrial Complex IV (CIV)
cannot reduce molecular oxygen to water as effectively as in normoxia, leading to
increased ROS production. Hypoxia inducible factor 1 (HIF-1a) upregulates BNIP3
expression under hypoxic conditions, increasing the rate of mitophagy to mitigate
against ROS production (Palikaras et al., 2018).

NI

NIP3-like protein X (NIX) deficient cells have been shown to develop abnormally large
populations of mitochondria resulting in a higher rate of apoptosis (Esteban-Martinez
et al., 2017). The absence of NIX also impairs metabolic shifts required for cellular
differentiation of retinal ganglion cells and the development of erythrocytes (Sandoval
et al., 2008, Esteban-Martinez et al., 2017). NIX can also be modified by Parkin to
increase the efficiency of autophagosome recruitment and, like BNIP3, the expression
of NIX is upregulated in the presence of active HIF-1a (Palikaras et al., 2018).
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FUNDC1

FUN14 domain-containing protein 1 (FUNDC1) provides a Parkin independent
mechanism to promote mitophagy specifically during hypoxic stress (Liu et al., 2012);
under normal conditions FUNDC1 recruitment of LC3 is inhibited as a result of
phosphorylation of FUND1 by Sc and CK2 kinases (Chen et al., 2014). FUNDC1 has
been shown to migrate to ER/mitochondrial contact sites and play a role in the
recruitment of Drp1 to mitochondrial fission sites, further linking mitophagy processes

to mitochondrial fragmentation (Palikaras et al., 2018).
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Fig 1.5. A schematic of two different mechanistic pathways of mitophagy (Liu et al., 2020)
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1.5.4 Degradation of Aberrant Mitochondrial Proteins

The biogenesis of mitochondrial electron transport chain complexes requires the co-
ordinated expression of multiple genes from nuclear and mitochondria DNA. Subunits
must localise both spatially and temporally for complex assembly to be successful.
Subunits that do not assemble into complexes pose a threat of potential pathogenic
protein aggregation (Tatsuta and Langer, 2009). This is mitigated by the presence of
four nuclear-encoded mitochondrial proteases which specifically target and degrade

aberrant proteins: iAAAprotease, mAAAprotease and LonP and CPLX/P.

The i (intermembrane space facing) and m (matrix facing) AAAproteases are both
localised to the MIM, which are responsible for the degradation of unincorporated
respiratory subunits in the MIM in an ATP dependent manner (Leonhard et al., 1996).
The mitochondrial i and mAAAproteases have been shown to play an additional role
in the processing of imported OPA1 (Tatsuta and Langer, 2009), which performs a
critical structural role in the stability of cristae junctions; mAAAprotease deficient mice
have been shown to exhibit abnormal swollen mitochondrial morphology (Martinelli et
al., 2009). mAAAprotease has been further shown to be vital to mitoribosome
biogenesis, through its role in the maturation of MRPS32 by removing its mitochondrial

targeting sequence (Tatsuta and Langer, 2009).

LonP and CPLX/P fulfil the role of matrix localised mitochondrial proteases (Haynes et
al., 2007, Quiros et al., 2014). Further to degrading aberrant proteins, an important role
of LonP is to degrade mitochondrially imported ATFS-1. ATFS-1 serves as a sensor of
mitochondrial health: its import to mitochondrial is proportional to the membrane
potential, the loss of which (due to mitochondrial stress) allows ATFS-1 to localise to
the nucleus to bring about cellular responses to mitochondrial stress (Naresh and
Haynes, 2019). CLPX/P has been shown to play a role in mitochondrial chaperone
induction and modulates heat shock protein expression, acting as a sensor of

mitochondrial impairment as a result of increases in temperature (Haynes et al., 2007).
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1.6 Mitochondrial Function

Mitochondria are central to a wide array of cellular functions. These include
metabolism, calcium homeostasis, reactive oxygen species (ROS) signalling, steroid
synthesis, iron-sulphur (FeS) cluster synthesis and apoptotic regulation. All
mitochondrial functions are directly linked to the mitochondrial membrane potential.

1.6.1 Metabolism and The Complexes of the Electron Transport Chain

Mitochondria play a critical role in the generation of ATP from ADP and inorganic
phosphate, in the process of oxidative phosphorylation carried out by the FoF1 ATP
synthase (Complex V, CV). Various metabolic pathways are used to generate the
reduced electron carriers NADH and FADH2, which are oxidised by the respiratory

chain to pump resulting protons across the MIM to be utilised by CV.

Glycolysis
While not a mitochondrial process, glycolysis provides key substrates utilised by

mitochondria. It describes a series of enzymatic reactions in the cytosol which facilitate
the breakdown of glucose. The oxidation of one molecule of glucose generates two

molecules of NADH, two of ATP and two of pyruvate:

Glucose + 2NAD" + 2ADP + 2P; > 2 Pyruvate + 2NADH + 2ATP + 2H20 + 2H"

The Tricarboxylic Acid Cycle

Pyruvate is imported into the mitochondrial matrix to act as a substrate for the
Tricarboxylic Acid (TCA) Cycle. Before entering the cycle, pyruvate is oxidatively
decarboxylated, by the pyruvate dehydrogenase complex in the MIM, and combined
with Coenzyme A (CoA) to produce acetyl-Coenzyme-A (Ac-CoA) and NADH:

Pyruvate + CoA + NAD* - AcCoA + NADH + CO, + H*

The TCA cycle itself consists of a combination of redox, isomerase and de-carboxylase
enzyme mediated reactions. One complete cycle can be summarised as below:

Ac-CoA + 3NAD* + FAD + ADP + GDP + 2P; + 2H20 >
CoA + 3NADH + FADH: + ATP + GTP + 2CO2 + 2H*
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Therefore, before the action of the respiratory chain and OXPHOS, one molecule of
glucose results in the production of 4ATP and 2GTP, as well as 10NADH and 2FADH:

to be used by the respiratory chain.

The Respiratory Chain

Mitochondrial complexes I-IV (Cl, II, lll and V) form the respiratory chain, which utilises
all proteins encoded by mtDNA. This system is responsible for electron transport,
which releases energy to facilitate the movement of protons, by ClI, Ill and IV, across
the MIM from the matrix to help establish and maintain the pH gradient of the

mitochondrial membrane potential.

Complex |
NADH:Ubiquinone Oxidoreductase (Cl) is a 1MDa, 45 subunit protein complex.

Fourteen of these are central to the function of Cl and are conserved throughout
evolution (Wirth et al., 2016). The remaining subunits have integral roles in ClI
assembly. All seven mtDNA encoded subunits of CI, MTND1-MTND6 and MTNDGL,
are highly hydrophobic and are all part of the functionally essential core (Wirth et al.,
2016). The structure of mammalian Cl has been resolved by cryo-electron microscopy
to a resolution of 3.3 angstroms (Agip et al., 2018). NADH molecules are reduced in
the matrix-facing N module of Cl, by flavin mononucleotide (Rao et al., 1963). Electrons
from this reaction are passed through eight FeS clusters to the Q module to reduce the

electron carrier ubiquinone (Q).

Q is an 863Da organic small molecule comprising a paraquinone ring with an additional
two hydroxymethyl groups, at positions 2 and 3, and a methyl group at position 6 — an
isoprene tail of 10 units, in humans, extends from ring position 5 (Ernster and Dallner,
1995), giving the full IUPAC name of Decamethyltetraconta-5,6-dimethoxy-3-
methylcyclohexa-2,5-diene-1,4-dione. The biosynthesis pathway of Q, conserved from
yeast to humans, stems from aromatic amino acids, tyrosine or phenylalanine, forming
the paraquinone ring, and from acetyl-CoA to build the isoprene chain (Ernster and
Dallner, 1995). The pathway relies on numerous enzymes to synthesise Q, including
dehydrogenases, aminotransferases reductases and kinases (Ernster and Dallner,
1995, Stefely and Pagliarini, 2017).
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Reduction of Q produces ubiquinol (QH), after progressing through a series of single
electron reduction reactions transitioning through ubisemiquinone (Ohnishi, 1998,
Hirst, 2013, Gnandt et al., 2016).

Ubiquinol is released into the MIM to be utilised later in the respiratory chain. The
electron transport process through ClI, and the resultant reduction of ubiquinone, leads
to a conformational change allowing the movement of four protons from the matrix to
the IMS (Wirth et al., 2016). Cl activity can be summarised as below:

NADH + Q + 5H*matrix > NAD* + QH2 + 4Hivs

Complex Il
Succinate ubiquinone oxidoreductase (Cll) is a 128kDa heterotetramer formed from

SDHA, B, C and D, all of which are encoded by the nucleus (Kluckova et al., 2013,
Anderson et al., 2014). Cll is critical to the completion of the TCA cycle. It oxidises
succinate to fumarate and thereby reducing Cll bound FAD to FADH2 (Anderson et al.,
2014). Cll contains three FeS clusters that transfer electrons and protons from FADH:>
to Q, reducing it to QH>, though no protons are transferred from the matrix to the IMS
as a result of Cll activity (Cecchini, 2003). Cll activity can be summarised as below:

Succinate + Q > Fumarate + QH:

Complex Il
Ubiquinol: cytochrome c oxidoreductase (Clll) is formed from 11 subunits, only one

being encoded by mtDNA, with a total mass of 500kDA (Solmaz and Hunte, 2008).
The central catalytic units of Clll required for its electron transfer are cytochrome b
(which contains a Reiske Fe-S cluster), cytochrome c1 and two haem groups: b1 and
b2 (Xia et al., 1997). These groups are required for the Q cycle, which sees two protons
translocating to the IMS from the matrix upon the oxidation of QH2. The Q cycle can
be broken into several stages. First sees the association of one QH2to quinone binding
site 0 (Qo). This process leads to QH: oxidation, liberating two electrons and two
protons, producing Q, which is released. One electron is transferred to the Reiske FeS
cluster, which is subsequently passed to cytochrome c1 and used to reduce the second
mobile electron carrier, cytochrome c¢ (CytC) (Cramer et al., 2011).

CytC is a 12kDa protein encoded by the nuclear gene CYCS that contains a haem
binding domain. A haem b group is bound to the protein with two thioether bonds,
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which link Cys34 and Cys37, to one vinyl group each, of the haem structure (Sanders
et al., 2010). Histidine residues serve to further secure the haem group by coordinating
the iron ion held in the haem structure, allowing the stereo-specificity of haem binding
in CytC to be universally conserved (Bowman and Bren, 2008). The iron ion at the
centre of the haem group is essential for the redox activity of CytC, being reduced from
Fe3* to Fe?* by CllII to be oxidised later in the respiratory chain, to Fe®*, by CIV. After
the oxidation of one CytC, the second electron released from QH> reduces cytochrome
b before being transported, by two haem groups in CllI, to a Q molecule in the Q1 site,
producing ubisemiquinone. The Qo binds a second QH2, once again liberating two
electrons and two protons. The described cycle repeats, though oxidation at the Q4
results in the conversion of ubisemiquinone to QH2 (Cramer et al., 2011). One complete
Q cycle sees the complete oxidation of two QH2 molecules at the Qo site, with the
subsequent reduction of two CytC and one Q molecule, to QH.. Therefore, CllI activity
can be summarised as below:
QH: + 2CytCox + 2H Matrix 2 Q + 2CytCred + 4H"IMs

Complex IV
Cytochrome C Oxidase (CIV) is a 200kDa protein complex, formed of thirteen subunits,
of which three are encoded by mtDNA. CIV reduces molecular oxygen to water using
electrons from cytochrome C and protons from the IMS. The activity of CIV is
dependent on two catalytic copper ions, Cua and Cus, held in MTCOI and I
respectively (Faxen et al., 2005). MTCOI further houses two haem groups, also
essential for CIV activity (Tsukihara et al., 1996). Cytochrome C oxidation results in
the transfer of two electrons in a two-step process to Cua — reducing it. One electron
is subsequently passed to Cug, the second to haem group A3, via haem A (Faxen et
al., 2005). These reduced groups act as a binding site for molecular oxygen, resulting
in the formation of a peroxide bridge (Faxen et al., 2005). Oxidation of another
Cytochrome C molecule, again in a two-step process, sees a further two electrons
combine with two protons (of matrix origin) at the peroxide bridge site, resulting in the
production of two hydroxide groups — one bound to each copper atom. An additional
two protons react with the hydroxide groups forming two molecules of water and, using
the energy released from the reaction, allowing the translocation of four protons from
the matrix to the IMS (Faxen et al., 2005).

4CytoCRed + O2 + 8H*Matrix > 4CytoCox + 2H20 + 4H*vs
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Complex V and Oxidative Phosphorylation

Oxidative phosphorylation (OXPHOS) is a chemical reaction that is catalysed by ATP
Synthase (CV). CV comprises 15 different subunits split between two domains. The
relative rotation of these domains, driven by the proton gradient established by the
afore mentioned complexes, produces adenosine triphosphate (ATP) from adenosine
diphosphate (ADP) and inorganic phosphate (P;).

One domain (Fo) is housed within the MIM, the second (F1) extends into the
mitochondrial matrix (Okuno et al., 2011). Structurally, the Fo domain comprises of a
ring of eight ¢ subunits forming a proton conducting channel, shown to be subject to
rotation upon the passage of protons (Jonckheere et al., 2012b). The F1 domain is
formed from two sections: a stationary hexameric ring of a and 3 subunits in a 1:1 ratio
and a central rotating stalk of y, ® and € subunits. A further peripheral stalk extends
from the c-ring, the function of which is to support the rotating domains as ATP

synthesis proceeds (Okuno et al., 2011, Jonckheere et al., 2012b).

The rotation of the mobile units of CV is driven by the translocation of protons through
the Fo domain, which protonate arginine residues on c-ring subunits (Ballmoos et al.,
2009). Subsequent de-protonation releases protons to the matrix. This process leads
to the rotation of the y, & and € subunits of the F1 domain. As a result, conformational
changes of 3 subunits allow the binding of ADP and P;, continued rotation forces further
conformational changes facilitating the conversion of ADP to ATP followed by its
release (Jonckheere et al., 2012b). A full rotation results in the synthesis of three
molecules of ATP, with each molecule requiring the movement of, on average, 2.7
protons from the IMS into the matrix (Watt et al., 2010).

Further to its biochemical role, CV also fulfils a critical morphological role in maintaining
the structure of cristae membranes through the formation of CV dimers at the tips of
the evaginations, thus the majority of CV is localised to the cristae membranes
(Rampelt H et al., 2017).
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Super-complexes

Complexes |, lll and IV have been shown to organise into higher order complexes,
termed respiratory super-complexes (Dudkina et al., 2010). Supporting evidence for
the formation of super-complexes includes the identification of bands indicative of
super-complex masses, found to hold respiratory activity, in BN-PAGE experiments
(Schagger and Pfeiffer, 2000), and the visualisation of super complexes in EM
experiments (Schafer et al., 2006, Dudkina et al., 2010).

The largest super complex, the respirasome, formed from two copies of Cl and one
each of lll and CIV: CIII forms a homodimeric complex (CllIl2) while Cl and IV bind to
this central structure as monomers (Dudkina et al., 2010). Tight protein-protein
interactions have been shown to binding the respirasome together. Interactions
between NDUFA11/UQCRB and UQCRQ/UQCRH in the MIM and NDUFB4/UQCRCA1
in the matrix bind CI to CllII; interactions between COX7A and UQCR1/UQCR11 bind
CIV and CII; while Cl is bound with CIV through ND5-COX7C interactions (Letts and
Sazanov, 2017).

The presence of CllIl and CIV has been shown as a requirement for the complete
assembly of Cl in mammalian mitochondria (Perez et al., 2004, Diaz et al., 2006). As
well as aiding the assembly of individual complexes, and stabilising them, super
complex formation has been proposed to convey functional benefits through the
reduction in substrate diffusion distances between complexes, in comparison to a
purely fluidic model of proteins the MIM, and lowering ROS production (Letts and
Sazanov, 2017).

Complex V also forms super-complex structures, in the form of oligomeric homodimers
that retain functional independence, which act to define the curvature of cristae

(Dudkina et al., 2008, Hahn et al., 2016, Rampelt H et al., 2017, Spikes et al., 2020).

1.6.2 lron-Sulphur Cluster Biosynthesis

Iron-Sulphur (FeS) cluster biosynthesis is the only conserved function of mitochondria
across all eukarya (Wang et al., 2011b, Lill and Freibert, 2020). FeS clusters play vital
roles in ETC activity, amino acid biosynthesis, tRNA modification and DNA repair
(Rocha and Dancis, 2015, Fuss et al., 2015). The generation of FeS clusters in the

mitochondrion is dependent on protein import, and thereby on the maintenance of the
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mitochondrial membrane potential (Lill and Freibert, 2020). RhoO cells, lacking mtDNA,
and thereby functional OXPHOS machinery, have been shown to actively transport
protons from the matrix to the IMS to maintain the proton motive force and membrane
potential - to facilitate FeS cluster biosynthesis (Buchet and Godinot, 1998).

Within the mitochondrion, imported iron binds to the ISCU2 scaffold protein in the
mitochondrial matrix, to which sulphur is donated from cystine - a process catalysed
by cysteine desulphurase within the frataxin complex (Lill and Freibert, 2020).
Electrons from NADPH, transported via ferredoxin, are required to finalise de novo
2Fe-2S cluster synthesis. 2Fe-2S clusters are chaperoned to monothiol glutaredoxin
(GLRX5), by a dedicated complex (comprising of HSPA9, HSC20 and GRPE1), which
inserts the cluster into target proteins in a glutathione-dependent manner (Lill and
Freibert, 2020). In the case of 4Fe-4S clusters, two molecules of GLRX5 pass two 2Fe-
2S clusters to an iron containing ISC complex (ISCA1, 2 and IBA57). The clusters are
fused through reductive coupling, facilitated by ferredoxin and NADPH oxidation, and
inserted into target proteins (Lill and Freibert, 2020). Iron-Sulphur clusters synthesised
in the mitochondrion can be exported to the cytosol by ABCB7 complexes, to be utilised
by a total of 11 cytosolic iron-sulphur protein assembly proteins; these facilitate the
formation of complete holoenzymes from their apo forms through FeS cluster insertion
(Lill and Freibert, 2020).

1.6.3 Steroid Hormone Synthesis

The endoplasmic reticulum (ER) and mitochondria both contribute to vital stages in
steroid biosynthesis. These hormones play critical roles in the regulation of the body
and include: cortisol, progesterone, testosterone and oestrogen (Miller, 1988).
Mitochondria harbour P450scc, an essential enzyme for the synthesis of steroid
hormones, on the matrix facing side of the MIM (Miller, 1988, Issop et al., 2013).
P450scc is responsible for completing the rate-limiting chemical reaction in the
synthesis of all steroid hormone synthesis: the conversion of cholesterol to
pregnenolone (Miller, 1988, Sanderson, 2006). This reaction requires electrons from
NADPH, oxidising it to NADP*. Therefore, maintaining the activities of the TCA cycle,
converting NAD* to NADP*, and the pentose phosphate pathway (required to reduce
NADP*), are key to maintaining the availability of reduced electron carriers for steroid
biosynthesis (Frederiks et al., 2007).
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Enzymes from the ER heavily contribute to steroid biosynthesis pathways;
intermediate products are transported to the mitochondrion to be processed by
mitochondrially localised enzymes (Miller, 1988). Mitochondrial-ER contact sites are
vital for the transport of both cholesterol, for initial P450scc processing, and pathway
intermediates (Issop et al., 2013). A loss of optimal mitochondrial morphology,
achieved through MFN2 knockout (Naon et al., 2016), disrupts ER-mitochondrial
contact sites and has been shown to significantly reduce the rate of steroid
biosynthesis (Duarte et al., 2012).

1.6.4 Generation of Reactive Oxygen Species

Reactive oxygen species (ROS) such as superoxide (O27) and hydrogen peroxide
(H202) are required for a variety of cellular signalling processes; a deficiency in ROS
can result in cellular dysfunction (Thannickal and Fanburg, 2000). An excess of ROS,
however, can lead to the unregulated oxidation of biomolecules such as DNA, proteins
and lipids, which impairs their function. The primary means of mitochondrial electron
leakage and thereby superoxide formation is via the partial reduction of molecular
oxygen by flavin mononucleotide (Lambert and Brand, 2009). Cl becomes a prominent
source of superoxide under dysfunctional conditions, such as CI activity impairment
through disease or via small-molecule inhibition (Zorov et al., 2014). Molecular oxygen
can also interact with nicotinamide adenine dinucleotide phosphate (NADPH) to
produce superoxide, shown in the equation below.
202 + NADPH — 202" + NADP* + H*
The superoxide anion is highly reactive and capable of generating singlet oxygen,
which can disrupt pathways through the indiscriminate oxidation of biomolecules. To
mitigate against oxidative stress caused by excess superoxide, enzymes from the
superoxide dismutase (SOD) family rapidly convert O2~to H2O», reaction shown below
(Nimse and Pal, 2015).
2027+ 2H* — H202 + O2

The SOD family contains three members: SOD1 and 2 are intracellular and under the
transcriptional control of NRF2, which is then also influenced by PGC-1 a (Dong et al.,
2008, Fernandez-Marcos and Auwerx, 2011). SOD1, containing copper and zinc
cofactors, is found in the cytosol and mitochondrial IMS (Cao et al., 2008), while SOD2
contains manganese and is found in the mitochondrial matrix (Borgstahl et al., 1996).
SOD3, also known as ecSOD, is extracellular and contains zinc and copper cations in

a similar manner to SOD1 (Antonyuk et al., 2009). In all cases, the metal ions are vital
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to the functionality of the enzyme due to their redox roles in the active sites. Hydrogen
peroxide, produced by the dismutation of superoxide (above), is also a potent oxidant.
It can interact with iron, through the Fenton reaction, which results in the reduction of
H202 to the hydroxyl radical ((OH) — an additional form of ROS. The Haber-Weiss
reaction can also occur between Oz~ and H20> to produce hydroxyl radicals. Equations
1 and 2 show the Fenton and Haber-Weiss reactions, respectively (Kostic et al., 2013,
Nimse and Pal, 2015).
1) H202 +Fe?* — ‘OH + OH" +Fe3* 2) Oz~ + H202 — ‘OH + OH + O2

To lower the rate of spontaneous and unregulated formation of hydroxyl radicals, cells
contain multiple pathways to reduce H202in a controlled manner. Catalase catabolises
H20:2 to form water and oxygen, while the glutathione/glutathione peroxidase (GPX)
cycle fulfils this role in the extracellular environment. Both catalase and GPX are under
the transcriptional control of NRF2 (Dong et al., 2008). Glutathione (GSH) is an
antioxidant tripeptide (comprising of cysteine, glutamic acid and glycine) that dimerises
upon oxidation (and subsequent reduction of the target oxidant) to form GSSG. This
reaction is reversed by GPX: GSH functionality is restored by the reduction of GSSG
through the oxidation of NADPH. An additional antioxidant, Peroxiredoxin, also
converts hydrogen peroxide to water via a redox cycle, which is completed through the
thioredoxin system. The thioredoxin system also requires NADPH, to provide electrons
and protons for the reduction of hydrogen peroxide (Collet and Messens, 2010, Zhang
and Martin, 2014, Nimse and Pal, 2015).
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Fig 1.6. Homeostatic antioxidant pathways. ROS are generated as a result of metabolism in mitochondria
and via the action of NADPH oxidases. Detoxification of ROS is achieved by a number of antioxidant
enzymes. Acronyms: SOD, superoxide dismutase; GPx, glutathione peroxidase; Prx, peroxiredoxin;
GSH, reduced glutathione; GSSG oxidised glutathione; Trx, thioredoxin; TrxR, thioredoxin reductase;
GR, glutathione reductase; Grx, glutarredoxin; Txnip, thioredoxin-interacting protein NADPH,
nicotinamide adenine dinucleotide phosphate. ‘HS’ represents the reduced form of a protein; ‘S’ denotes
an oxidised form (Zhang Y and Martin S, 2014).
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1.6.5 Calcium Handling

The endoplasmic reticulum (ER) serves as the primary means of calcium ion (Ca?*)
storage in cells, though the mitochondria serve as a vital secondary means of
mediating intracellular calcium concentrations (Marchi et al., 2018). Calcium serves as
a ubiquitous and versatile means of transmitting secondary signals within cells that
mediate many physiological functions such as muscle contraction, synaptic excitation
and neurotransmitter release, cell motility and apoptosis (Giorgi et al., 2018). Calcium
concentrations in the extracellular matrix in vivo has been approximated at 1mM and
has been measured to be 100-200nM in the cytoplasm, while concentrations in
mitochondria are 10-20 fold higher than the cytoplasm, the ER exhibits much higher
concentrations of greater than 300uM (Giorgi et al., 2018). This elevated ER Ca?*
concentration is achieved through active Ca?* pumps using the energy released from
ATP hydrolysis.

The MOM is found to be in close proximity to the ER in numerous locations across the
cell — termed mitochondria-associated membranes (MAMs) (Marchi et al., 2018, Giorgi
etal., 2018). These contact sites are maintained by the ERMES complex in mammalian
cells (Hirabayashi et al., 2017). Further interactions between PTPIP51 (MOM) and
VAPB (ER) contribute to MAM site integrity (De Vos et al., 2012), with knockdowns of
any of the afore mentioned MAM site proteins resulting in decreases in the number of
MAMs and mitochondrial calcium concentrations (Stoica et al., 2014, Paillusson et al.,
2017). Mitochondrial calcium uptake is driven by the electrochemical gradient of the
mitochondrial membrane potential — the net negative charge of the matrix
electrostatically attracts positive calcium ions (Giorgi et al., 2018). Depletion of the
mitochondrial membrane potential using small molecules (such as FCCP) eliminates
the movement of calcium to the mitochondrial matrix (Babcock et al., 1997). Upon
stimulation of Ca?* release from the ER via Ins(1,4,5)P3 receptors, Ca?* concentrations
at the MAM reach ten-fold of that of the cytoplasm (Giacomello et al., 2010). The high
local concentration of calcium ions near MAMs, coupled with the mitochondrial
membrane potential, facilitates the rapid movement of calcium to the mitochondrial IMS
via VDAC channels (Shimizu et al., 2015). The Mitochondrial Ca?* Uniporter (MCU)
forms a pore in the MIM that regulates the movement of calcium ions from the IMS to
the matrix, the activity of which is dependent on the association of the essential MCU
regulator (ERME), which facilitates calcium sensing in the IMS (Sancak et al., 2013).
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Calcium is removed from the mitochondrial matrix, allowing signalling cascades
dependent on the secondary messenger to proceed, by two MIM proteins:
mitochondrial Na*/Ca?* exchangers (mMNCXs) and H*/Ca?* exchangers (mHCXs)
(Giorgi et al., 2018). mNCX activity exchanges three or four sodium ions (Na*) for one
calcium ion; while mHCX activity is isoelectric, exchanging two protons for one calcium
ion (Giorgi et al., 2018). The efflux of calcium, coupled with its uptake from specific
locations in proximity to the ER, allows mitochondria to modulate localised calcium-
dependent signalling cascades and buffer the cytoplasm against waves of calcium
release from the ER (Giorgi et al., 2018).

Calcium and Metabolism

While mitochondria have been shown to play an important role in the modulation of
cell-wide calcium signalling pathways, calcium has also been demonstrated to have a
significant impact on the efficacy of ATP generation. Three enzymes central to the
activity of the TCA cycle have been shown to exhibit increased activities in the
presence of calcium: pyruvate dehydrogenase, NAD*-isocitrate dehydrogenase and 2-
oxoglutarate dehydrogenase (Denton and McCormack, 1986). The increased activity
of these enzymes, as a result of increased calcium concentration, has been shown to
lead to increases in ATP production at the FoF1ATPase, as well as increases in both
NADH levels and respiratory complex activity (Territo et al., 2000, Maack and
O'Rourke, 2007, Glancy et al., 2013). The absence of mitochondrial calcium, achieved
through the inhibition of I3P receptors, has been shown to lead to the phosphorylation
and subsequent deactivation of pyruvate dehydrogenase (Cardenas et al., 2010).
Despite defects in calcium handling being associated with neurodegenerative diseases
and some cancers, and calcium having a role in the maintenance of basal metabolism,
the exact mechanism of action of the effect of calcium on mitochondrial activity remains

unknown (Rossi et al., 2019).
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1.6.6 Apoptosis

Mitochondria are central to the induction of apoptosis. Multiple triggers of apoptosis
have been well documented; excess of reactive oxygen species, calcium ion overload,
ATP deficiency and subsequent loss of active processes, and depletion of the
mitochondrial membrane potential (Liberthal et al., 1998, Ly et al., 2003, Yu, 2003,
Giorgi et al., 2012, Redza-Dutordoir and Averill-Bates, 2016). The opening of the
mitochondrial permeability transition pore (mPTP) is a common factor in a cells’
commitment to apoptosis (Hirsch et al., 1997).

While the exact identity of the mPTP remains unknown, recent research is beginning
to uncover putative candidate proteins with suggestions of the involvement of the FoF1
ATP synthase complex at the MIM and pore-forming Bax oligomers, translocating from
the cytosol to the MOM and oligomerising with Bak proteins at the MOM (Kwong and
Molkentin, 2016, Jonas et al., 2017, Zhang et al., 2017a, Carraro et al., 2020).

A key step in the induction of mitochondrially mediated apoptosis is the release of
Cytochrome C (CytC) from the mitochondria into the cytosol, where it triggers the
caspase inflammatory pathways which lead to signalling cascades resulting in
apoptosis (Li et al., 1997). CytC, as a key player in the electron transport chain, is
localised to the cristae membrane. Thus, CytC must migrate from the cristae
membranes to the IMS to be released via mPTP. The disruption of cristae morphology
is a hallmark of apoptotic cells (Wang and Youle, 2016). OPA1 contributes to the
morphology of cristae, in conjunction with the MICOS complex, which acts to tighten
IMS/intra-cristae space junctions, preventing the unregulated release of CytC
(Scorrano et al., 2002, Frezza et al., 2006, Varanita et al., 2015). Upon the induction
of apoptotic pathways, the proteases OMA1 and PARL have been shown to disrupt
the arrangement of OPA1 at these junction sites, perturbing cristae structure, thereby
allowing the passage of CytC to the IMS (Frezza et al., 2006, Cipolat et al., 2006, Abate
et al., 2020). Under basal conditions, BCL-2 inhibits the formation of the mPTP by
preventing the oligermisation of Bax, however, apoptotic stimuli result in the inhibition
of this arm of BCL-2 activity by BH3 proteins (Willis et al., 2007). These actions
combined result in the realise of CytC to the cytoplasm and, subsequently, apoptosis.
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1.7 Mitochondrial Disease and Dysfunction

Mitochondrial diseases can arise from either a mutation in mtDNA or nuclear genes
coding for proteins associated with mitochondria. Symptoms, and their severity, are
highly variable but centre around tissues with the greatest energy demand such as
skeletal muscle, the CNS, cardiac tissue and the gastrointestinal tract. Typical
symptoms of mitochondrial disease include, but are not limited to: ophthalmoplegia,
cerebellar ataxia, seizures, stroke-like episodes, exercise intolerance,
cardiomyopathy, optic atrophy, ptosis, deafness and diabetes mellitus, as well as
myalgia, fatigue and gastrointestinal dysfunction (Schaefer et al., 2008, Ng et al.,
2021).

Clinical presentations can emerge in patients at any age, having either life-changing
or life-limiting impacts on the affected individual. Symptoms which develop later in life
are more likely to negatively affect the quality of a patient’s life, rather than drastically
reducing lifespan, while symptoms that present in paediatric cases a likely to be
severely life-limiting (McFarland and Turnbull, 2009).

The overall prevalence of genetic mutations relevant to mitochondrial disease in the
general populous is approximately 1 in 5,000 healthy individuals (Gorman et al., 2015).
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1.7.1 Primary Mitochondrial Diseases

Point Mutations

Point mutations in mtDNA and nuclear DNA can at first, be thought to cause
mitochondrial diseases in a similar manner. A point mutation that invokes no change
in the amino acid encoded, due to codon degeneracy, will result in the synthesis of a
fully functional protein — otherwise known as a silent mutation. While a mutation that
does change the encoded amino acid may not result in a dysfunctional protein due to
similarity in the chemistry of encoded residues. For example, a residue substitution of
Asp (GAC) to Glu (GAA) may not reduce protein functional activity, due to both
containing carboxyl functional groups in their variable chains. Meanwhile, the same
mutation at a different position in the protein may result in a reduction in protein

function, due to the longer variable chain in Glu relative to Asp.

Similar principles apply to mutations in gene encoding rRNAs or tRNAs, however, the
biochemical diversity of these molecules is limited to comparison to proteins. This is
due to a lack of coding degeneracy, and the fact that the molecules pull components
from a pool of only four nucleotides as opposed to twenty amino acids — which are
further subject to highly selective Watson and Crick base pairing in some cases. As

such, the tolerance for mutations in RNA structure is limited.

In addition to these genetic factors mentioned above, mtDNA mutations are subject to
an additional layer of complexity that directly impacts whether a phenotype will be
present; and how severe a single patients’ symptoms may be.
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Heteroplasmy and the Threshold Effect

Due to the polyploidy of mtDNA in the mitochondrial network in any single cell, mtDNA
mutations can coexist with wild type (WT) mtDNA in a cell. This phenomenon is termed
heteroplasmy. Should a cell possess a mutant mtDNA to WT mtDNA ratio of 1:3, the
heteroplasmy level is said to be 25%, just as a ratio of 3:1 is 75%. Cells containing only
one mMtDNA species are homoplasmic, be it homoplasmic for WT mtDNA or

homoplasmic for mutant mtDNA.

Mitochondrial diseases often require a particular level of heteroplasmy to be exceeded
for a phenotype to present, termed the heteroplasmy threshold (Holt et al., 1990). This
value is dependent on the gene affected and the severity of the mutation, but also the
nuclear background of individual patients (Rossignol et al., 2003, Nissanka and
Moraes, 2020). Additional factors such as age and skeletal muscle mtDNA copy
number as well as heteroplasmy level have been found to correlate with disease
severity. For example, a consistent progression of disease burden with increasing age
is observed in patients suffering from Mitochondrial Encephalopathy, Lactic acidosis,
and Stroke-like episodes (MELAS) (Grady et al., 2018).

Homoplasmic - Wild Type Heteroplasmic Heteroplasmic Homoplasmic — Mutated
0% Heteroplasmy 33% 66% 100% Heteroplasmy
(@) O
%) 210
Pathogenic Threshold Pathogenic Threshold
Not Exceeded Exceeded
0% 100%

Pathogenic Threshold (50%)
Heteroplasmy

Fig 1.7. A schematic demonstrating heteroplasmy and the threshold effect of mitochondrial DNA
mutation load. Mitochondria highlighted in green are not subject to a disease phenotype, while
those in red exhibit mitochondrial dysfunction. Mitochondrial DNA in green do not contain a
pathogenic mutation, those in red carry a pathogenic mutation. Clinical heteroplasmy thresholds
vary greatly, numbers presented in this figure are for illustrative purposes only.
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Genetics and Transmission of Primary Mitochondrial Diseases

Mitochondrial DNA is transmitted exclusively through the maternal line in humans
(Giles et al., 1980, Wei and Chinnery, 2020). The first evidence for a genetic bottleneck
for mtDNA was observed in 1982 in Holstein cows; offspring heteroplasmy, from a cow
with 35% heteroplasmy ranged from 20% to 80% (Hauswirth and Laipis, 1982, Ashley
et al., 1989). This effect can be explained through the fact that individual primordial
follicles produce primary oocytes through miosis, during which a subpopulation of
primordial follicle mtDNA is replicated to form the mtDNA populations of primary
oocytes. Further, a significant decrease in mtDNA copy number per cell in the early
stages of mammalian embryo development can act to alter the mtDNA heteroplasmy
of an embryo (Wai et al., 2008, Cree et al., 2008). A high level of heteroplasmy in the
remaining population will be conferred to offspring, which will present with systemically
high heteroplasmy; whereas if predominantly WT mtDNA is selected, heteroplasmy
can fall across generations. The exact mechanisms of this selection of mtDNA for
replication in early embryos remain unknown (Wei and Chinnery, 2020).

A further contributor of heteroplasmy variability within an organism stems from
stochastic segregation of mitochondria during cell division (Mishra and Chan, 2014).
Cells are highly mitotic during embryo development. The random nature of
mitochondrial segregation in cell division means that different tissues can present with
differing levels of heteroplasmy, dependent on the differentiation fate and
heteroplasmy of cells within the blastocyst. This may further alter the clinical

presentation (if any) of offspring compared to the mother.
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Clonal Expansions

Clonal expansion is the process by which any low-level mtDNA haplotype or mutation
becomes the dominant mtDNA species in a post-mitotic cell, for example, a muscle
fibre changing from low to high heteroplasmy, such that it exhibits reparatory chain
defects. This process proceeds despite impairments to OXPHOS activity and

mitochondrial membrane potential.

A key characteristic of age-related clonal expansion of random mtDNA mutations is a
low overall level of mutant mtDNA concentrated in a small number of cells (Elson et
al., 2001). Dysfunction of post-mitotic tissues, for example, neurons of the CNS, is
brought about when key cells in a tissue become metabolically impaired as a result of
clonally expanded mtDNA mutations. Clonally expanded mtDNA deletions (mtDNA
molecules with large sections absent) have been linked to ageing and Parkinson’s
disease (Bender et al., 2006). Clonal expansion also is clinically relevant to inherited
disorders involving mtDNA maintenance defects, as these increase the mutation rate
of mtDNA compared to healthy controls, allowing more future clonal expansion events
to occur (Tyynismaa et al., 2005, Vermulst et al., 2008).

The process of clonal expansion of mtDNA mutations is slow, requiring the majority of
an organism’s lifespan for a phenotype to develop. As such mtDNA mutations
generated early in life can clonally expand, resulting in a single mutation predominating
throughout a cell; rather than multiple as would be expected should age-related mtDNA
mutations originate from decreased respiratory efficacy and increased ROS production
(Elson et al., 2001).
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Syndromes Associated with Mitochondrial Disease

Mitochondrial diseases are highly heterogeneous, exhibiting a wide range of clinical
presentations and severities, even within one clinical diagnosis, between different
patients. The diagnosis of mitochondrial disease is dependent on genetic sequencing.
Several mutations in the mitochondrial genome have been linked to mitochondrial
diseases. Presented below are the predominant examples of mutations in mt-tRNAs,
mtDNA protein products and an outline of nuclear associated mitochondrial disease.

Mutations in mt-tRNA’s

MELAS - m.3243A>G mt-tRNALeuUUR)

Mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes
(MELAS) is most commonly caused by an m.3243A>G mutation in mt-tRNALeu(UUR),
This mutation accounts for 80% of MELAS cases, requiring a heteroplasmy threshold
of approximately 85% (Goto et al., 1990). Lower levels of heteroplasmy of m.3243A>G
(approximately 45%) have been associated with Maternally Inherited Diabetes and
Deafness (MIDD) (Kadowaki et al., 1994). The discrepancy of phenotypes presented,
rather than simply a milder case of MELAS in patients with a lower heteroplasmy, can
be partially explained by differing cellular responses to heteroplasmy (McMillan et al.,
2019), as well as different nuclear backgrounds between patients. In a cohort of
mitochondrial disease patients in the North East of England, m.3243A>G derived
MELAS alone accounts for 36% of all mitochondrial disease cases; it is the single most
common pathogenic mtDNA mutation (Gorman et al., 2015) - approximately 24/10,000
individuals carry the mutation (Manwaring et al., 2007).

Clinically, patients with MELAS can be characterised by recurrent stroke-like episodes,
muscle weakness, developmental hindrances, migraines, visual loss, nausea and
vomiting (Chinnery et al., 1997, Zhang et al., 2015a, Ng et al., 2021).

Biochemically, MELAS manifests as deficiencies in complexes | and IV, resulting in a
severe respiratory chain defect and significant neurological damage (Lax et al., 2016,
Alston et al., 2017). The m.3243A>G mutation prevents complete mt-tRNALeu(UUR)
maturation by precluding a 5’-taurinomethyluridine modification, Fig 1.8, thereby
disrupting UUG codon recognition of the mt-tRNALeUUUR) - This has the effect of
reducing the rate of translation of mt-mRNA’s, with severe effects on MT-NDG6
synthesis due to its mt-mRNAs’ high UUG codon count (Kirino et al., 2004).
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Fig 1.8. A schematic diagram of mt-tRNALeuYUR highlighting the m.3243A>G mutation at the
base of the D-Loop. The subsequently unmodified Uridine base is highlighted at the codon wobble
position — in the absence of the mutation the Uridine would be subject to a 5’-taurinomethyluridine
modification. The absence of this modification has been shown to reduce the rate of translation
of mitoribosomes (Kirino et al., 2004).
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MERRF — m.8344A>G mt-tRNALYS

Myoclonus epilepsy and ragged-red fibres (MERRF) is commonly associated with the
m.8344A>G mutation in the mt-tRNAYS gene, accounting for 80-90% of all MERRF
cases (Shoffner et al., 1990, Shoffner and Wallace, 1992). MERRF, specifically the
m.8344A>G mutation, has a prevalence of approximately 0.7/100,000 individuals
(Gorman et al., 2015). Heteroplasmy levels of the m.8344A>G mutation varies widely
between individual patients, even within families, with observed values ranging
between 44-88%, as such the establishment of a distinct threshold for heteroplasmy

for m.8344A>G has proved elusive (Altmann et al., 2016, Jeppesen et al., 2017).

Clinically, patients suffering from MERRF present with hearing impairments, muscle
weakness, epileptic seizures, fatigue and exercise intolerance as well as muscular
atrophy (Altmann et al., 2016, Ng et al., 2021). MERRF affected muscle fibres often
exhibit a characteristic abnormality of subsarcolemmal mitochondrial accumulation —
giving the muscle a distinct “Ragged-Red” appearance (Blakely et al., 2014, Altmann
et al., 2016).

Biochemically, the m.8344A>G mutation prevents the taurine modification of a uridine
base present in the wobble position of the tRNA (Yasukawa et al., 2001), Fig. 1.9.
Investigations using cybrid cell lines have found significant impairments in oxygen
consumption rate and OXPHOS activity - thought to be as a result of a reduction in the
rates of protein synthesis - due to poor codon recognition and ribosome frameshifting
(Masucci et al., 1995).
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Fig 1.9. A schematic diagram of mt-tRNAYS highlighting the m.8344A>G mutation at the T¥C-
Loop. The subsequently unmodified Uridine base is highlighted at the codon wobble position — in
the absence of the mutation the Uridine would be subject to a taurinouridine modification. The
absence of this modification has been shown to reduce the rate of translation of mitoribosomes
(Yasukawa et al., 2001).
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Mutations in Mitochondrially Encoded Proteins

LHON

Over 90% of Leber’s hereditary optic neuropathy (LHON) cases can be attributed to
one of three mtDNA point mutations: m.3460G>A, m.11778G>A, and m.14484T>C;
affecting the genes MT-ND1 (p.T52A), MT-ND4 (pR340H) and MT-ND6 (p.M64V)
respectively (Man et al., 2011, Lott et al., 2013), all of which reside in highly conserved
areas of each respective protein’s structures (Wallace et al., 1988, Howell et al., 1991,
Johns et al., 1992). The heteroplasmy threshold required for biochemical defect and a
LHON phenotype is approximately 60% (Chinnery et al., 2001, Man et al., 2011).
LHON affects approximately 1 in 31,000 individuals, with a marked bias towards males;
of those carrying a LHON associated mutation, 50% of males experience visual loss
compared to 10% of females (Man et al., 2011).

Clinically, LHON is characterised by visual loss, which first manifests as a loss of a
small area of central vision. The phenotype rapidly progresses (within 6 weeks) to optic
atrophy and blindness (Man et al.,, 2011, Cruz-Bermudez et al., 2016). Additional
symptoms of LHON can include cardiac arrhythmias, dystonia and peripheral
neuropathy (Man et al., 2011, Ng et al., 2021).

Biochemically, LHON affected cells exhibit significant respiratory defects in vitro,
exhibiting up to an 80% reduction in Cl activity and up to a 50% reduction in respiration
rate (Man et al., 2011). Further in vitro investigations have shown significant increases
in lactate levels and ROS production, but no Cl assembly defect, in cybrid cells
harbouring LHON mutations; including patient-derived cells containing all three
common LHON mutations discussed above (Cruz-Bermudez et al., 2016). Intriguingly,
no synergistic effect between LHON mutations, biochemical nor clinical, is apparent in

this patient (Cruz-Bermudez et al., 2016).
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mMtDNA Associated Leigh Syndrome

Approximately 50% of mtDNA associated Leigh Syndrome cases can be attributed to
mutations in MT-ATP6, specifically m.8993T>G or m.8993T>C (Thorburn et al., 2003,
Ogawa et al., 2017). The remaining 50% of cases comprise of a wide variety of
mutations in mitochondrially encoded genes; those of Cl are the most common - MT-
ND3, MT-NDS5 and MT-ND6 (Thorburn et al., 2003, Lake et al., 2016). Mutations in MT-
ATPG result in the phenotypes of Neurogenic Muscle Weakness, Ataxia, and Retinitis
Pigmentosa (NARP) or Leigh Syndrome, dependent on heteroplasmy level. Cases
exhibiting a heteroplasmy level below 60% are often asymptomatic, levels between
70-90% result in a NARP phenotype, while a heteroplasmy in excess of 90% results in
Leigh Syndrome (Thorburn et al., 2003, Claeys et al., 2016). Leigh Syndrome is
estimated to affect approximately 1/40,000 individuals (Rahman et al., 1996).

Clinically both NARP and Leigh Syndrome present very early in life; generally within a
patient’s first two years (Sofou et al.,, 2014). NARP is characterised by a loss of
peripheral vision, ataxia, muscle weakness, learning difficulty and seizures. Additional
symptoms can include sensory loss, deafness and anxiety. Patients with NARP are
often stable for long periods, experiencing occasional lapses in their condition
(Thorburn et al., 2003). Patients with Leigh Syndrome commonly present with seizures,
respiratory defects (for example hyperventilation), dystonia, cerebellar ataxia and
thermoregulation dysfunction — though the symptoms and their severity are highly
heterogeneous (Thorburn et al., 2003, Rahman et al., 2017, Ng et al., 2021). Leigh
Syndrome is often fatal before the age of three years, due to cardiac or respiratory
failure (Thorburn et al., 2003).

Biochemically, the m.8993T>G or m.8993T>C mutations result in an amino acid
substitution at a highly conserved site in MT-ATPG6; p.L156R and p.L156P respectively,
the former being more common and resulting in more severe disease (Thorburn et al.,
2003). m.8993T>G specifically has been shown to reduce the ability of the ¢ ring of CV
to rotate, thus reducing the rate of OXPHOS by 70% in NARP patients (Sgarbi et al.,
2006). Deficiencies of mitochondrial complexes | and IV are common causative factors
of Leigh Syndrome, in cases where mutations in MT-ATP6 are not found, as a result
of both mitochondrial and nuclear DNA mutations (Thorburn et al., 2003, Baldo and
Vilarinho, 2020).
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1.7.2 Mutations in Nuclear Encoded Mitochondrial Proteins

The majority of mitochondrial proteins are encoded in the nucleus, synthesised in the
cytosol and imported into the mitochondrion. It reasons that nuclear DNA mutations
present as a significant cause of mitochondrial disease. Mutations in nuclear-encoded
mitochondrial genes are subject to Mendelian inheritance and are not subject to any
further factors, as mtDNA mutations are subject to heteroplasmy.

Respiratory Chain Proteins

Mutations in structural and functional subunits of respiratory complexes are often
associated with mitochondrial disease phenotypes. Despite an association with Cl I, 11,
IV and V deficiency, cases of Cl and CIV deficiency are the most common causes of
Leigh Syndrome. These are as a result of mutations in Cl subunits NDUFS1, 2, 3,4, 7
and 8 as well as CIV subunits COX10 and 15; to highlight but a few of over 75 genes
(Lake et al., 2016). Mutations in respiratory complex assembly factors have also been
widely reported, alongside proteins playing key roles in FeS cluster synthesis,
ubiquinone and heme group biosynthesis (Ghezzi and Zeviani, 2018).

Maintenance and Replication of mtDNA

Nuclear encoded genes such as POLy and Twinkle are vital for the maintenance and
replication of mtDNA. Pathogenic mutations in POLy subunit POLG1 are common
causes of mitochondrial disease, while mutations in POLG2 are rare (Hikmat et al.,
2019). Mutations in POLy and Twinkle present with similar phenotypes, owing to their
shared function in maintaining mtDNA. Associated diseases include Alpers Syndrome,
mitochondrial spinocerebellar ataxia and epilepsy (MSCAE) and ataxia neuropathy
spectrum syndrome (ANS) (Alpers, 1931, Tzoulis et al., 2010, Hikmat et al., 2019,
Hikmat et al., 2020). Pathogenic POLy mutations are predicted to affect approximately
1 in 30,000 individuals (Gorman et al., 2015). A set of common mutations are known
to give rise to the majority of POLy associated disease cases: p.A467T, p.W784S,
p.G848S and p.Y955C; of these p.A467T accounts for over a third of all POLy
associated mitochondrial disease (Chan and Copeland, 2009, Hikmat et al., 2019).
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Clinically, patients with pathogenic POLy mutations present with a variety of
symptoms, largely dependent on the age of disease onset. Symptoms common to all
age groups include seizures, neuropathy, muscle weakness, migraines and liver
dysfunction or failure. In addition to the above, early onset in disease is further
associated with liver failure, hypotonia and seizures. Adolescents and young adults
present with ataxia and peripheral neuropathy, whereas those over the age of 40 years
exhibit milder, but still significant, symptoms of ptosis, progressive external
ophthalmoplegia and ataxia (Hikmat et al., 2020, Ng et al., 2021). Similar to many other
mitochondrial diseases, the prognosis of a patient is often worse in case of earlier onset
of symptoms; while the presence of epileptic seizures has a similar negative effect on

prognosis (Hikmat et al., 2020).
Biochemically, dysfunctions in mtDNA maintenance result in mtDNA depletions,

deletions and multiple mtDNA mutations, leading to a variety of metabolic defects and

respiratory enzyme deficiencies (Hikmat et al., 2017, Vincent et al., 2018).
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1.7.3 Mitochondrial Dysfunction in Neurological and Age-Related Diseases

Ageing can be described as the time-dependent degradation of cellular functionality,
resulting in an increased vulnerability to chronic diseases and eventual death (Lopez-
Otin et al., 2013). The accumulation of somatic nuclear mutations plays a significant
role in this process. It is hypothesised that the addition of accumulated mtDNA
mutations, and subsequent mitochondrial dysfunction, exacerbates and accelerates
the ageing process; as opposed to directly causing or acting simply as a consequence
of it (Kujoth et al., 2005, Srivastava, 2017).

The clonal expansion of somatic mtDNA mutations acquired early in life has been
demonstrated, with an in-silico investigation, to accumulate in post-mitotic cells. These
clonally expand in key cells, such as neurones or muscle fibres, to bring about
dysfunction in tissue, despite overall heteroplasmy levels at a tissue or organ level
remaining low (Elson et al., 2001). Dysfunctions in both mitochondrial biogenesis and
mitophagy combined with mtDNA mutations lead to increases in oxidative stress, and
in the rate of apoptosis, to contribute to age-related disease (Kujoth et al., 2005, Lopez-
Otin et al., 2013, Chistiakov et al., 2014).

Beyond the ageing process itself, mitochondrial dysfunction has been strongly
associated with Parkinson’s disease (PD), which is characterised by the loss of
dopaminergic neurons in the presence of Lewy Bodies formed from a-synuclein (Lane
et al., 2015). CI dysfunction is the most common mitochondrial defect observed in PD
patients (Schon and Manfredi, 2003). Rotenone inhibition of Cl in vitro triggers
increases in a-synuclein aggregate formation, concomitant with a reduction in ATP
levels (Lee et al., 2002). Quadruple immunofluorescent analysis of PD neurones has
identified TFAM and mtDNA copy number deficiencies, in conjunction with ClI defects
(Grunewald et al., 2016). Mitochondrial dysfunction has since been confirmed as a key
component of PD pathogenesis, however, the exact nature of its role remains elusive
(Chen et al., 2019a).

Increased ROS production in microglia, resulting in CNS neurone demyelination from
subsequent oligodendrocyte apoptosis, is a hallmark of multiple sclerosis (Andrews et
al., 2005, Mirshafiey and Mohsenzadegan, 2008). It is hypothesised that increased
neuroinflammation, marked by elevated levels of inflammatory cytokines such as TNFa

and IL-1p3, are present in a patient in the pre-clinical stage before a multiple sclerosis
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phenotype presents (Friese et al., 2014). Resultant cellular stress responses in glial
cells lead to increased ROS production, which induces secondary damage to mtDNA
and mitochondrial proteins in surrounding cells (Campbell et al., 2011, Kozin et al.,
2018). This effect contributes to oligodendrocyte apoptosis and subsequent mass
demyelination of CNS neurones. Additionally, a reduction in the expression of PGC-1a
has also been associated with MS, confirmed by an in vitro model of the condition
(Witte et al., 2013). Failure to meet the energy needs of a neurone results in further
ROS production, which further accelerates neurodegeneration (Mahad et al., 2015,
Peixoto de Barcelos et al., 2019).

The role of mitochondrial dysfunction in type two Diabetes mellitus has also been
explored, in which excessive free radical generation from dysfunctional mitochondria
is implicated in the development of the disease (Yaribeygi et al., 2018). Early work saw
the generation of cybrid cells using mitochondria from patients with type two Diabetes
mellitus (Anderson, 1999). The resultant cells exhibited increased ROS production and
decreased ATP synthesis — not observed in cybrid cells formed using type one
Diabetes mellitus derived mitochondria (Anderson, 1999). Endocrine dysfunction is
commonly observed in primary mitochondrial disease patients, of which Diabetes
mellitus is the most common (Schaefer et al., 2013); the archetypal example
presenting in the form of Maternally Inherited Diabetes and Deafness (MIDD), as a
result of the m.3243A>G mutation (Kadowaki et al., 1994). Despite clear associations
between mitochondrial dysfunction and type two Diabetes mellitus, no causative or
commonly associated genes have been identified in patients presenting with type two
Diabetes mellitus.

Dysfunctional mitochondria are also highly relevant to the most prevalent condition
affecting human health today: obesity. In obese rats, MFN2 expression was
significantly reduced relative to controls; this effect was accompanied by reduced
oxygen consumption and fragmented mitochondrial networks in skeletal muscle (Bach
et al., 2003). A lack of fusion activity associated with obesity has also been shown to
increase ROS production and proton leak in muscle tissue (Liesa and Shirihai, 2013).
A reduction in the levels of PGC-1a and TFAM were found in hepatocytes from obese
mice, accompanied by a reduction in Cl activity (Holmstrom et al., 2012). Adipocytes
sampled from obese human volunteers exhibited reduced oxygen consumption rates

and citrate synthase activities, in a manner independent of adipocyte size, though
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mtDNA content per cell did not vary relative to controls (Yin et al., 2014). These findings
support the notion that mitochondrial efficiency per unit of mitochondrial mass is
reduced in obese subjects, as opposed to a reduction in total mitochondrial mass per
adipocyte. Reductions in mitochondrial mass have been noted, however, in
hepatocytes and skeletal muscle fibres from obese subjects (Haas De Mello et al.,
2018). Dysfunctional mitochondria have been proposed to perpetuate obesity through
the early onset of fatigue and muscular pain in obese patients, due to a lack of efficient
energy utilisation (Rogge, 2009). This produces a negative feedback loop based on a
reduction in physical activity. As discussed in 1.5.1, exercise is a potent stimulator of
transcription factors associated with mitochondrial biogenesis. Increases in free fatty
acids and ROS induce inflammatory responses in macrophages, resulting in
decreases in lipolysis in adipocytes, while increases in de-novo lipogenesis in
hepatocytes further raise disease burden in obese subjects (Rogge, 2009).

Mitochondrial dysfunction has further been implicated in the risk of developing cancer,
which increases exponentially with increasing age. Mitochondrial dysfunction has
become one of the key markers of the disease, alongside the metabolic phenomenon
known as the Warburg effect (Wallace, 2012, Pavlova and Thompson, 2016, Potter et
al., 2016).
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1.7.4 Quantifying Phenotypic Burden in Mitochondrial Disease Patients

The high disease heterogeneity in mitochondrial disease patients results in great
difficulty in establishing a single, reliable method of quantifying the severity of disease
phenotypes among patient groups. Clinicians at the NHS Rare Mitochondrial Disorders
Service in Newcastle Upon Tyne developed the Newcastle Mitochondrial Disease
Scale for Adults (NMDAS), to act as a semi-quantitative scale for mitochondrial disease
burden to measure progression in patients and to assess the efficacy of clinical, and
future potential pharmaceutical, interventions (Schaefer et al., 2006).

The NMDAS assessment covers overall physical functionality, symptom specific
issues (such as difficulty swallowing) and a detailed clinical assessment. The NMDAS
score is now commonly employed across a variety of mitochondrial diseases as a
measure of disease severity, for instance, patients harbouring the m.3243A>G
mutation at pathogenic levels were assessed to exhibit severe phenotypes concerning
physical function, fatigue and mental cognition (Verhaak et al., 2016).

Improvements in NMDAS score through the course of a clinical trial can be interpreted
as improvements to disease phenotype, as experienced by the patient. This data can
be combined with other clinical (for example exercise capacity testing) and biochemical
parameters, for instance, mtDNA heteroplasmy and blood lactate levels or imaging and
histochemical analyses of patient tissue. As a result, trials targeting mitochondrial
diseases can assess both quantitative and subjective readouts of disease burden with
a wide variety of techniques, to best investigate the efficacy of the treatment (Steele et
al., 2017).

A wide variety of other performance measures are also used to assess and monitor
the severity or clinical progress of phenotypes and measure outcomes for clinical trials.
These methods include the nine-hole peg test (assesses co-ordination and fine motor
skills), the six-minute walk test (walking efficiency), a Timed Up and Go (TUG -
mobility) and the Five Times Sit to Stand test (mobility) as well as a low-contrast letter

acuity test (assesses vision) (Lynch et al., 2005, Newman et al., 2015).
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1.7.5. Current Methods of Mitochondrial Disease Diagnosis

Chronically suffering mitochondrial disease patients engage in consultations with, on
average, eight clinical professionals before receiving a final diagnosis of their condition
(Grier et al., 2018). Approximately 70% undergo invasive muscle biopsy procedures
and more than half receive an incorrect non-mitochondrial diagnosis, before a correct
diagnosis of mitochondrial disease (Grier et al., 2018). The time taken to receive this
diagnosis results in a loss of opportunity to increase the quality of life of a patient using
symptom ameliorating treatments. More severe cases of mitochondrial disease, which
emerge in early childhood, are more simply correctly identified; requiring on average
1.5 years (from symptom onset) for a diagnosis to be achieved (Eom et al., 2017).
Despite a comparatively rapid diagnosis period in children, the increased disease
severity and current lack of disease-modifying therapeutics results in an insignificant
improvement to a patient’s prognosis, following a diagnosis, in these cases (Eom et
al., 2017, Rahman, 2020).

The methods used in the diagnosis of mitochondrial disease have greatly evolved with
the emergence of next-generation sequencing technologies. Whole Genome
Sequence (WGS) is rapidly becoming the dominant method of diagnosis. Once a
mutation has been identified, further investigations are employed to establish the
presence of a biochemical defect, which is the cause of the suspected mitochondrial
disease. Once a validating defect is identified, a diagnosis can be made.
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Genetic Sequencing

Efforts to identify pathogenic mutations associated with mitochondrial diseases are
complicated by the dual origin of the mitochondrial proteome. Over 300 mutations in
nuclear genes have been linked with mitochondrial disease pathologies (Abicht et al.,
2018), though the majority of mitochondrial disease cases arise as a result of mutations
in MtDNA (Gorman et al., 2015).

The advent of next-generation genetic sequencing has revolutionised the diagnosis
workflow for mitochondrial diseases, with whole-genome sequencing (WGS) being
projected to become the first port of call for suspected cases of mitochondrial disease
(Schon et al., 2020). WGS is capable of identifying pathogenic mutations in both
nuclear and mitochondrial genomes, from a single blood sample, using an unbiased
shotgun approach (Wei et al., 2019, Schon et al., 2020). While prospects are promising
as WGS technology advances, current applications of the method are limited by the
financial cost and reliance on both bioinformatic and clinical expertise (Wright et al.,
2018, Schon et al., 2020).

The unbiased nature of WGS can additionally identify novel pathogenic mutations, to
further expand the scientific knowledge surrounding mitochondrial disease. This
aspect must be supported by further biochemical investigations, which are currently

limited in both assay completion rate and scope (Schon et al., 2020).

Secondary Confirmatory Assays Used in Mitochondrial Disease Diagnosis

Immunological and histochemical assays are most commonly employed on muscle
tissue sections, however, they are not diagnostic of mitochondrial disease alone as the
presence of a mitochondrial defect in tissue is not exclusive of the condition (Alston et
al., 2017). As a result, these methods are often used to support the results obtained
from genetic diagnoses, by confirming that pathogenic mutations result in a
biochemical deficiency. Additionally, immunological and histochemical methods are

currently key to the confirmation of pathogenicity of novel disease mutations.

The acquisition of a muscle biopsy is a highly invasive procedure in which a section of
muscle is surgically removed from a patient. Once acquired, the very limited quantity
of available tissue is snap-frozen to be analysed for respiratory chain defects.
Biochemical activity of CIV can be assessed through COX/SDH staining using 3,3'-
diaminobenzidine, which polymerises in the presence of COX activity giving a brown
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product (Ross, 2011). COX staining is followed by nitro-blue tetrazolium (NBT)
staining, which forms a blue product in the presence of SDH activity (Ross, 2011). As
a result, COX positive fibres appear brown, while COX-negative fibres appear blue.
The biochemical deficiency is quantified by counting the number of CIV negative

versus CIV positive fibres in a given muscle section, giving a semi-quantitative result.

Immunological staining is also readily employed against muscle sections. Targeted
proteins include sub-units of mitochondrial complexes; for example, NDUFB8 (Cl) and
MTCOI (CIV). These proteins are co-stained with porin, as a marker of the outer
mitochondrial membrane, and laminin, as a marker of muscle fibre boundaries, to
facilitate automated identification of areas of interest and quantification of staining
intensities (Rocha et al., 2015, Ahmed et al., 2018). Fibres are classed as Cl or CIV
positive or negative, dependent on fold change (and significance of changes) of
staining intensities from control tissue. Immunological staining provides further insights
into mitochondrial disease pathologies when applied to post-mortem brain samples,
though with significant limitations to therapeutic and diagnostic applications due to the

nature of the samples (Alston et al., 2017).

Current muscle section staining methodologies (outlined above) analyse two of the
four mitochondrial complexes that incorporate mtDNA products. Analysing additional
proteins of interest within a single assay, using these methods, is not possible due to
the requirement of laminin and porin staining. While complexes | and IV are the most
commonly affected in mitochondrial disease, biochemical defects in complexes Il and
V, while rarer, are present in the patient cohort (Barel et al., 2008, Bénit et al., 2009,
Jonckheere et al., 2012a, Fernandez-Vizarra and Zeviani, 2015, Imai et al., 2016,
Jackson et al., 2017). The methods are also precluded from related applications, such
as phenotypic small molecule library screening, due to poor experimental throughput

and the low availability and unscalable nature of the test tissue.
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Gel Electrophoresis and Immunoblotting

Primary fibroblast cultures from patients are routinely used for gel-based
methodologies to give additional insight into the state of proteins in diseased cells,
complementing genetic sequencing and immunological and histochemical analysis
(Tuppen etal., 2010, Leary, 2012, Newell et al., 2019). Sodium dodecyl sulphate (SDS)
or blue native (BN) polyacrylamide gel electrophoresis (PAGE) techniques are readily
employed against patient-derived cells to detect deficiencies in specific proteins of
interest, or in the levels of mitochondrial complex assembly, respectively. These
methodologies have long been a standard and well-validated means of quantifying
protein levels and complex formation in cell lysates. Recent developments in in-gel
activity assays have further increased the yield of information from gel-based methods.
These are particularly useful in cases in which individual point mutations can be
detrimental to complex activity, without negatively impacting protein expression or
complex assembly (Newell et al., 2019). Despite being reliable laboratory methods, in
a manner similar to muscle section analysis, low sample throughput and time-

consuming protocols preclude gel-based methods from screening applications.
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1.8 Therapeutic Discovery for Mitochondrial Diseases

1.8.1 Models of Mitochondrial Diseases for Therapeutic Research

Cellular

The introduction of mutations in nuclear encoded mitochondrial components into stable
human cell lines, to create in vitro models for experimentation, can be achieved through
CRISPR/Cas9 techniques (Oliveira et al., 2019). However, genetic manipulation of
mtDNA in this manner remains an elusive prospect, due to the inability to import the
guide RNA (gRNA) strands into the mitochondrial network, which is critical for
CRISPR/Cas9 functionality (Gammage et al, 2018). The formation of
transmitochondrial cybrid cell lines has become a prominent technique for laboratories
investigating the effects of mutations in the mitochondrial genome in vitro. This method
enables the study of a variety of mtDNA mutations in the presence of a defined nuclear
background, through the fusion of cytoplasts derived from patient cells with RhoO cells
devoid of mitochondrial DNA (Wilkins et al., 2014). The resulting cybrid cells exhibit
the nuclear DNA of the RhoO line, but the mtDNA of the cytoplast, giving researchers
the tools to directly compare patient mutations across a common nuclear background.

However, the range of mutations available for study in cybrid cells lines is limited to
those present in an available patient cohort, often precluding those mutations
responsible for the most severe phenotypes causing early death. Cybrid formation also
invokes the issue of heteroplasmy; researchers must ensure that the heteroplasmy of
cytoplasts used in cybrid formation reflects the heteroplasmy level of the original
patient tissue/cell line.

Carrying out experiments directly on immortalised patient cells presents as the most
accurate solution for researching mitochondrial disease cell lines. Though in the
absence of an archetypal patient for each condition, due to disease heterogeneity,
identifying a representative patient from which to base treatment efforts is an
impossible task. Putative therapeutics discovered through screening in patient cell
lines will need to demonstrate efficacy amongst numerous mitochondrial disease
genotypes, which generate similar clinical phenotypes, to form an effective treatment
option.
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Animal

The transition from in vitro validation to in vivo trials is a significant hurdle for putative
drug candidates; approximately 70% of drug discovery projects fail at this stage
(Takebe et al., 2018) due to issues covering drug absorption, distribution, metabolism,
excretion and toxicity (ADMETox). While the use of appropriate cellular models is key
for identifying effective lead compounds, animal models are indispensable in pre-
clinical research before human clinical trials commence. It is therefore vital that in vivo
models of the targeted diseases are as accurate to patient phenotypes as possible.
Unfortunately, as in cellular models of mitochondrial disease, current genetic
manipulation technology is ineffective in introducing specific mutations to the
mitochondrial genome in vivo. Despite this, mouse models carrying mutations in
nuclear-encoded mitochondrial proteins, including those associated with mtDNA
maintenance, have been produced using current genetic manipulation and breeding
methods. For example, mice subject to an NDUFS4 knockout exhibit lower body
weight, reduced life span and significantly impaired Cl assembly, relative to control
litter mates, to serve as a model of Cl deficiency (Silva-Pinheiro et al., 2020). Mice
carrying a TWINKLE helicase mutation show severe mitochondrial impairments as
measured by reduced mtDNA copy number, the presence of mtDNA deletions and
biochemical defects in skeletal muscle, to serve as a model of mtDNA deletions
(Tyynismaa et al., 2005).

In the absence of targeted mutagenesis in the mitochondrial genome, the induction of
sporadic point mutations serves as a means of investigating their deleterious effects.
The “Mutator Mouse” model, in which mice express POLYA lacking its native proof-
reading activity, serves as a model of POLy mutations and has also been proposed to
mimic accelerated ageing due to a correlation of phenotypes between the
mitochondrial disease and the aged state: reduced subcutaneous fat, weight and hair
loss, anaemia, osteoporosis and curvature of the spine (Trifunovic et al., 2004).
Biochemically, Mutator Mice exhibit respiratory chain defects in the brain, cardiac
tissue and skeletal muscle fibres as a result of multiple clonally expanded, sporadic
mtDNA mutations (Trifunovic et al., 2004). While this mouse model has many
applications in the investigation of the role of somatic mitochondrial mutations in ageing
and general metabolic dysfunction, the unregulated nature of the resultant mtDNA
mutations precludes its application to drug discovery projects that are focused on

specific syndromes and diseases.
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1.8.2 Preventing the Transmission of Mitochondrial Disease

The optimal method to reduce suffering generated by a disease is to prevent it from
occurring, rather than treating it when it arises. At present, there are no curative
methods, nor treatments to ameliorate the phenotypes associated with mitochondrial
diseases beyond symptom management and pain reduction. Stopping or slowing the
transmission of pathogenic mtDNA mutations presents an important tool for reducing

the prevalence of mitochondrial diseases in the population.

The genetic bottleneck effect on mtDNA through oocyte maturation serves as a
complicating factor in calculating the risk of a mother passing on pathogenic levels of
mutant mtDNA. Thus, even mothers with low heteroplasmy levels can be considered
at risk of passing on high levels of mutant mtDNA to their child. A variety of reproductive
options are available for women carrying mitochondrial mutations, presenting personal
choices to prospective parents looking to minimise the risks of disease transmission to

their offspring. These options are briefly outlined below.

Oocyte Donation

The in vitro fertilisation of a mitochondrially healthy donor oocyte with the father’s
sperm presents as a simple solution, though resultant offspring are not genetically
related to the mitochondrial disease patient. However, the woman who carries and
births the child is legally recognised as the mother. To mitigate the risk of unintentional
transmission of pathogenic mtDNA, an oocyte from an unrelated woman must be used.
Should closely related relatives of the patient be carrying an mtDNA mutation at lower
heteroplasmy, and their oocytes donated, a significant risk of disease transmission is
present due to the mtDNA bottleneck in oocyte maturation (Smeets et al., 2015).

Prenatal Diagnosis

Prenatal DNA diagnosis uses the natural fertilisation of a mother's oocyte, with
subsequent genetic diagnosis of the embryo early in the pregnancy. This technique
uses either a chorionic villus biopsy or amniotic fluid sampling for DNA sequencing.
Critically, both of these sampling techniques are representative of whole body
heteroplasmy of the offspring post-birth (Craven et al., 2017).

In the case of nuclear DNA-associated mitochondrial disease, sequencing efforts

commonly yield simple results due to the well-understood mendelian inheritance of
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nuclear DNA. For mtDNA-associated disorders, the compounding effect of
heteroplasmy threshold complicates data interpretation (Smeets et al., 2015). This is
due in part to the change in the nuclear background relative to the mother, which
means that accurately predicting the disease burden of a child from heteroplasmy level
alone is a difficult task, even if the disease is well characterised. Genetic counselling
is key to help prospective parents make their own choices regarding whether to
terminate or continue a pregnancy to full term, should potentially pathogenic levels of
mtDNA mutations be detected.

Preimplantation Genetic Diagnosis

Suitable for both nuclear and mtDNA-associated mitochondrial disease patients,
preimplantation genetic diagnosis begins with the in vitro fertilisation of patient oocytes
with the intended father's sperm. The resulting embryos are assessed for
heteroplasmy levels using one or two blastomeres from the eight-cell stage of
development, or a small sample of trophectoderm cells from blastocyst stage embryos
(Craven et al., 2017). Both methods of sampling have been shown to reliably generate
cell samples that reflect the heteroplasmy of the remaining embryo and have resulted
in the births of healthy offspring (Monnot et al., 2011, Sallevelt et al., 2013, Heindryckx
et al., 2014). A suggested heteroplasmy threshold of below 18% has been proposed
to select embryos for implantation, though this value will vary with each mutated gene,
location in the gene and the severity of mutation (Hellebrekers et al., 2012). Embryos
with heteroplasmy levels below the critical threshold are selected for implantation into
the mother. This technique requires a low level of heteroplasmy in the mother to
maximise the probability of a low heteroplasmy oocyte being identified through the in
vitro fertilisation and preimplantation diagnostic processes (Craven et al., 2017). This
is due to the mtDNA genetic bottleneck resulting in female mitochondrial disease
patients, with even low to moderate heteroplasmy levels, potentially producing high

heteroplasmy oocytes.
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Mitochondrial Donation

Mitochondrial donation has recently emerged as a new tool to minimise the risk of
mitochondrial disease inheritance. The technique requires a patient’s oocyte (intended
mother) to be enucleated in vitro; the nucleus of the mother’s oocyte is then transferred
to an enucleated donor oocyte with healthy mtDNA (Craven et al., 2017). Similar to
oocyte donation, it is vital that the donor is not a closely related family member of the
patient, to minimise the risk of unknowingly using an oocyte from an unaffected
mitochondrial disease carrier. The mitochondrially sound donor oocyte containing the
intended mother’s nucleus is then fertilised in vitro and implanted into the mother.

Mitochondrial donation can be achieved using one of three methods: polar body
transfer, maternal spindle transfer or pronuclear transfer. Both polar body and maternal
spindle transfer involve the movement of maternal genetic material before fertilisation.
Whereas pronuclear transfer requires the in vitro fertilisation of both patient and donor
oocytes, enucleation of resultant pronucleate zygotes and transfer of pronuclear
material from patient-derived zygote to donor zygote cytoplasm (Craven et al., 2017).
The resultant embryo contains nuclear DNA from both intended parents but the mtDNA
of the donor oocyte, regardless of the mitochondrial donation method used. Pronuclear
transfer inevitably includes a small amount of cytoplasmic material — often including
patient mitochondria. Progress in the pronuclear transfer methodology has minimised
the carry-over of mutant mtDNA to the resultant zygote to 2% (Craven et al., 2010).
Prenatal diagnosis is also carried out on the developing embryo, post-implantation, to

verify low mutant mtDNA transmission (Craven et al., 2017).

The United Kingdom became the first country to approve mitochondrial donation using
pronuclear transfer for the prevention of mitochondrial disease transmission in 2015,
after decades of research and legislative work accompanied by clinical and ethical
challenges (Craven et al., 2016, Craven et al., 2020). Treatment is subject to intense,

careful planning and approved only on a case-by-case basis (Gorman et al., 2018).
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1.8.3 Current Methods for Mitochondrial Disease Treatment

Exercise

Exercise training has long been known to induce the strengthening of muscle tissue
and to increase mitochondrial mass. Common symptoms of mitochondrial disease
often include impairments to skeletal muscle function and exercise therapy has been
proven to be safe to undertake in those patients capable of doing so (Ahmed et al.,
2018). Exercise therapy using gradual progressive overload, through either aerobic or
resistance-based training, in the presence of trained professional guidance and
supervision, has been explored as an intervention for mitochondrial disease patients
with numerous beneficial readouts, regarding both clinical and biochemical parameters
(Taivassalo et al., 2001, Jeppesen et al., 2006, Bates et al., 2013). The objective of
exercise therapy is to ensure that current functionality is maintained, with the goal of
reducing physical deconditioning, through maximising strength and delaying
reductions in patient endurance, to increase the day-to-day quality of life of a patient
(Parikh et al., 2013, Muraresku et al., 2018).

Symptom Management

Symptoms of mitochondrial disease are wide-ranging both in the symptom presented
and in severity, but often centre around tissues with the greatest energy demand such
as skeletal muscle, the CNS, the gastrointestinal tract and cardiac tissue (Schaefer et
al., 2008). General management of mitochondrial disease patients includes nutritional
management, sleep scheduling and taking steps to minimise acute viral or bacterial
infections (Muraresku et al., 2018). Skeletal muscle weakness is managed through a
reduction in unsupervised physical activity (Steele et al., 2017) and exercise therapy,
see above. Interventions targeting CNS symptoms, such as anti-convulsant and anti-
epileptic medication, must be carefully explored (Finsterer and Scorza, 2017), though
Phenytoin is commonly used to control seizures associated with MELAS (Ng and
Turnbull, 2016). Pseudo-obstruction of the gastrointestinal tract, as a result of reduced
gut motility, can be treated with the use of laxatives (Ng and Turnbull, 2016). Continued
monitoring of a patient’s heart is vital in those exhibiting cardiomyopathies, though
treatment is reactive rather than preventative. Management of additional symptoms
such as ptosis, Diabetes mellitus and deafness are similar to the general population,
which can be addressed using corrective surgery, insulin treatment and the

employment of hearing aids or cochlear implants, respectively (Ng and Turnbull, 2016).
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Supplementation

Supplementation of key compounds in specific disease cases has yielded some
positive outcomes in mitochondrial disease patients. These efforts have been aimed
at slowing disease progression and ameliorating symptoms, as opposed to directly
correcting or compensating for a biochemical defect (Avula et al., 2014). A variety of
vitamins and metabolic supplements are suggested: riboflavin, a-lipoic acid or folinic
acid for patients with neurological symptoms and L-carnitine or CoQ10 for those with
specific deficiencies of these compounds (Muraresku et al., 2018).

Cocktails of compounds targeted at improving mitochondrial function have also been
employed in individual cases, for example, thiamine, CoQ, vitamin E and C and
carnitine supplementation was used in one Leigh Syndrome case and found to improve
obstructive sleep apnoea (Mermigkis et al., 2013). Specifically, supplementation with
arginine and citrulline have shown beneficial effects on stroke-like episodes and nitric
oxide production in MELAS patients (Koga et al., 2005, Hattab et al., 2012).

Despite the growing use of supplements, such as those outlined above, rigorous
clinical trial data regarding the efficacy and safety of supplementation with vitamins or
metabolic intermediates in mitochondrial disease patients remains sparse (Camp et
al., 2016, Garone and Viscomi 2018). Only one exemption currently exists; the FDA
and EMA-approved drug, Idebenone (a derivative of CoQ), for treatment of visual loss
in LHON syndrome patients (Rudolph et al., 2013, Garone and Viscomi 2018, Russell

et al., 2020) — discussed in section 1.8.5.
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Organ Transplants

Solid organ transplants are tolerated in mitochondrial disease patients to a similar
degree as patients without a mitochondrial disorder, however, with the notable
exception of those with POLy associated disease (Parikh et al., 2016, Weiner et al.,
2020). Thus, in instances in which one organ is predominately affected by a
mitochondrial defect, the application of organ transplantation as a reactive, rather than

preventative, treatment for mitochondrial disease can be pursued.

The most commonly transplanted organs in mitochondrial disease patients are the
heart, liver and kidneys (Parikh et al., 2016). Patients exhibiting cardiomyopathy,
hepatopathy or renal failure have been successfully treated using organ
transplantation (Bonnet et al., 2001, Faraci et al., 2007, Grabhorn et al., 2014, Sasaki
et al., 2017, Ducharlet et al., 2018, Weiner et al., 2020), though these procedures do
not affect systemic symptoms of mitochondrial diseases, such as neurodegradation,

seizures, ataxia or myopathy of skeletal muscle.
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1.8.4 Hypotheses for the Treatment of Mitochondrial Diseases

The current lack of approved small molecule therapeutics for mitochondrial diseases
represents a vast unmet clinical need. This vacuum has resulted in the generation of
multiple hypotheses, which are currently being explored by the scientific community.
The general approaches being employed across multiple laboratory groups are
outlined below.

Antioxidants

Reactive oxygen species (ROS) can be produced in mitochondria as a result of the
unregulated reduction of molecular oxygen, primarily through complexes | and Il
(Murphy, 2008). ROS have important roles in cellular signalling, severe reductions in
cellular ROS levels can result in severe cellular dysfunction (Thannickal and Fanburg,
2000), however, elevated ROS levels are capable of inducing sporadic oxidative
damage to biomolecules.

Dysfunctional mitochondria are more prone to producing ROS, strongly implicating
ROS in the pathology of mitochondrial disease (Esposito et al., 1999, Wallace et al.,
2010, Hayashi and Cortopassi, 2015). This is a result of an impairment of electron flow
in the electron transport chain complexes leading to the potential reversal of the FoF+
ATPase to maintain membrane potential (Mailloux, 2020). Elevated ROS can
negatively impact mitochondrial function, through lipid peroxidation and oxidative
damage to mitochondrial proteins, furthering increasing ROS production to create a

positive feedback loop for ROS production.

Lowering excessive ROS levels with exogeneous small molecule antioxidants presents
as a viable method for interrupting the destructive cycle of mitochondrial dysfunction
and biomolecule damage, though it does not address the underlying cause of
mitochondrial diseases.
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Gene Therapy

The expression of mitochondrially targeted wild-type copies of mutant mitochondrial
genes from the nuclear genome, allotopic expression - achieved using recombinant
adeno-associated virus (rAAV)-mediated gene therapy, provides a promising lead for
a curative therapy of mitochondrial diseases (Ellouze et al., 2008). However, clinical
investigations into the allotopic expression of ND4 in human LHON patients have
yielded inconsistent and often negative results (Yang et al., 2016, Guy et al., 2017,
Fightaging, 2019). While an rAAV therapy for LHON requires further research to prove
efficacy in humans, promising data from the use rAAVs as a means of delivering
NDUFS4 have been obtained in rodent models of Leigh Syndrome (Silva-Pinheiro et
al., 2020). While not fitting the definition of allotopic expression, this work provides
proof of principle in the correction of nuclear associated mitochondrial diseases with
rAAV methods.

Direct removal of mutated mtDNA molecules in mitochondria, using targeted
degradation, presents as an ideal solution to primary mitochondrial disease. This is
because treatment would hypothetically not only ameliorate a patient’s symptoms but
also eliminate pathogenetic mtDNA molecules, lowering heteroplasmy levels and
thereby reducing the risk of disease transmission to offspring. Two methods of mutant
mtDNA genome degradation are currently being researched in a pre-clinical setting.

Mitochondrially localising Zinc Finger Nucleases (mtZFNs), formed in part from two
Fok1 nuclease domains - each with specific mtDNA binding domains tailored to flank
sites of mutated mtDNA, have been optimised to selectively induce double-strand
breaks in some mutant mtDNA molecules (Minczuk et al., 2008). To ensure
mitochondrial localisation, mtZFNs are linked to mitochondrial targeting sequences
and nuclear export sequences, to mitigate off-target effects in the nucleus (Minczuk et
al., 2006, Minczuk et al., 2008). mtZFNs have been shown to effectively reduce
heteroplasmy of m.8993T>G and ‘common deletion’ (m.8483_13459del4977, present
in 30% of mtDNA deletion patients (Schon et al., 1989)) mtDNA mutant cell lines in

vitro, resulting in a recovery of OXPHOS parameters (Gammage et al., 2014).
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Mitochondrially localising Transcription Activator-Like Effector Nucleases (mtTALENS),
which require dimerization facilitated by DNA binding domains, tailored to bind in a
sequence-specific manner in regions flanking the mutation, have similarly been
investigated to reduce heteroplasmy. TALENs have been employed against the
‘common deletion’” mtDNA genotype and an m.14459G>A point mutation, with
resultant shifts of heteroplasmy towards wild-type mtDNA (Bacman et al., 2013).

The recent discovery of a double-stranded DNA cytidine deaminase (DddA) facilitated
the development of putative mtDNA modifying constructs, in which specific cytidine
bases (targeted using TALEs) can be deaminated to uracil and subsequently repaired
by mtDNA replication; causing C-G to T-A mutations (Mok et al., 2020). This is the first
instance of CRISPR-free DNA base editing, CRISPR methods being precluded from
development as a result of the inability to import gRNA into mitochondria. When fully
optimised, DddA-derived cytosine base editors (DdCBEs), and other similar tools,
could pioneer a field of mtDNA correction and targeted editing. These methods would
enable researchers to create in vitro and in vivo models which accurately recapitulate
human patients’ phenotypes, thereby accelerating the development of mitochondrial
disease therapeutics.

While a promising prospect, gene or protein delivery therapies, such as rAAVs,
mtZFNs, TALENs and CRISPR-free DNA editing techniques, are unlikely to be widely
adopted as therapeutic methods, as they require tailoring to each individual pathogenic
genotype. This process is very high in both cost and scientific labour and would likely
require validation, through clinical trials, for each targeted mutation. This work is also
dependent on the easing of the restrictions on the in vivo use of genetic techniques in

humans.
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Selective Mitophagy

Pharmacological induction of selective mitophagic degradation of dysfunctional
mitochondria presents as a conventional pharmaceutical intervention to achieve
reductions in heteroplasmy, relative to gene or protein therapies; given the barriers to
human genetic modification. The triggering of native cellular pathways, as discussed
in 1.5.2, using small molecules has been proposed as a viable method of mtDNA
modulation, provided appropriate advancements in knowledge to identify suitable
protein targets (Paz et al., 2016). Mitophagy induction using rapamycin or carbonyl
cyanide m-chlorophenylhydrazone (CCCP: a small molecule capable of mitochondrial
membrane depolarisation) has been attempted in mitochondrial disease cell lines with
mixed results (Sharma et al., 2019, Lin et al., 2019).

Selective mitophagy is a promising prospect for the treatment of primary mitochondrial
diseases, which are not homoplasmic. Selective mitophagy is not viable, however, in
cases where the entire mitochondrial network is deleteriously affected by a mutation
(homoplasmic primary mitochondrial diseases and diseases originating from a nuclear
mutation — see sections 1.7.1 and 1.7.2 respectively), due to the lack of opportunity to
reduce heteroplasmy.

Currently, deferiprone presents as the only small-molecule inducer of mitophagy
(McWilliams et al., 2016a). Deferiprone is, however, unsuitable for therapeutic use in
mitochondrial disease patients as the mitophagy processes induced, which are
PINK1/Parkin independent, are not specific to dysfunctional mitochondria (lvatt and
Whitworth, 2014). Furthermore, deferiprone is an approved drug for the treatment of
Thalassaemia (excessive free iron), exhibiting strong iron chelation activity and could
trigger adverse side effects in mitochondrial patients who present without excessive

levels of free iron - (Balfour and Foster, 1999, Cohen et al., 2000).
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Mitochondrial Biogenesis

Increasing the overall quantity of mitochondrial material, through the expansion of the
mitochondrial network, is hypothesised to increase the overall oxidative capacity of a
cell, despite not treating any underlying molecular dysfunction. Should a pathogenic
mutation result in a patient’s muscle fibre exhibiting a 50% reduction in mitochondrial
capacity, inducing a doubling of the mitochondrial network is proposed to return a
patient’s capacity to wild type levels (note this is an extreme example). Concerns
regarding excessive ROS generation through the proliferation of dysfunctional
mitochondria can be resolved through the expression of antioxidant enzymes such as
SOD2, which is indirectly under the transcriptional control of PGC-1a (Tufekci et al.,
2011, Patel et al., 2014, Besse-Patin et al., 2017).

As discussed in section 1.8.3, exercise therapy is one of the most commonly employed
interventions for mitochondrial disease, however, progress is often limited by a
patient’s ability to engage in sufficient exercise. Major pathways which activate PGC-
1a expression and activity are themselves activated by physical exercise (Fernandez-
Marcos and Auwerx, 2011). Thus, the identification of a small molecule agent capable
of activating PGC-1aq, directly or otherwise, is paramount to an exercise mimetic; which
could be of significant value to mitochondrial disease patients and the general
population alike (Ruegsegger and Booth, 2018).
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Complex Bypass

Inactivity of any single complex in the respiratory chain creates a blockage for the flow
of electrons through the chain. For example, dysfunction in Cl would lower levels of
QH2, which imposes impairments across the remainder of the respiratory chain. In this
case, providing substrates to ClII, in the form of succinate, or to CIll, as ubiquinol
mimetics, is hypothesised to ameliorate the resultant phenotype (Avula et al., 2014).
In contrast, dysfunctions in Clll or CIV results in an accumulation in QH2 or CoQRred
respectively. Therefore, therapeutic options in these situations are limited to agents
capable of oxidising these key electron carriers to allow CI| to continue proton
translocation (Hirano et al., 2018). Investigations are exploring alternative oxidases in
mammalian cell lines and in Drosophila to achieve this effect (Dassa et al., 2009,
Fernandez-Ayala et al., 2009).

Promising outcomes have been observed in LHON patients with Cl dysfunction or
deficiency. In this context, complex bypass was employed using the delivery of electron
carriers to Clll, most prominently the ubiquinol mimetic Idebenone (Rudolph et al.,
2013, Garone and Viscomi 2018, Russell et al., 2020).
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1.8.5 Therapeutic Prospects in Literature and Onqoing Clinical Trials

Rapamycin
One of the first reported exogenous influencers of the metabolic signalling pathways

was rapamycin (Vézina et al., 1975, Swindells et al., 1978). This natural product,
produced by Streptomyces hygroscopicus, binds to the mammalian Target of
Rapamycin (mTOR), a serine/threonine kinase, and acts to inhibit its complex
formation with one of its mutually competing binding partners. Complex formation
between mTOR and regulatory associated protein of mTOR (Raptor) forming
mTORCH1, is inhibited by rapamycin, while complex formation with the rapamycin-
insensitive companion of mTOR (Rictor), giving mTORC2, is not (Schieke et al., 2006,
Cunningham et al., 2007, Foster and Fingar, 2010).

Decades of research into rapamycin and mTOR have yielded little information
regarding precise mechanisms of action of the downstream effects of mTOR binding
by rapamycin. However, mTORC1 has been identified as a key regulator of the
mitochondrial stress response in mitochondrial diseases (Khan et al., 2017). Inhibition
of mMTORC1 with rapamycin in the “Deletor” mouse model addressed imbalances in
one-carbon metabolism and serine synthesis while suppressing mitochondrial stress
(Khan et al., 2017). In addition to these effects, rapamycin has also been shown to
both delay the onset of symptoms and extend life span in mouse models of Leigh
Syndrome; an NDUFS4 knockout (Johnson et al., 2013). Mice harbouring a COX15
mutation, resulting in a CIV assembly defect, exhibited an increase in autophagic
turnover and lysosome biogenesis when treated with rapamycin, indicating mitophagic
degradation of dysfunctional material, leading to a reduction in phenotype severity
(Civiletto et al., 2018).

Rapamycin presents as a promising pre-clinical candidate for mitochondrial
myopathies, however, as a repurposed drug (originally an immunosuppressant) it
exhibits an array of side-effects with chronic dosing: stomatitis, thrombocytopenia,
elevated cholesterol, and impairment of wound healing (Kaeberlein, 2013). These side
effects, including its originally intended immunosuppressant activity, severely limits the
application of rapamycin to mitochondrial disease patients as a therapeutic agent.

76



Resveratrol

Resveratrol (first isolated from the skins of red grapes) is one of the most well
characterised putative means of inducing mitochondrial biogenesis (Lagouge et al.,
2006, Feige and Auwerx, 2007). A mechanism for resveratrol was proposed in which
resveratrol binds to an allosteric site of SIRT1 to improve substrate binding (Borra et
al., 2005). More recently a further study showed that resveratrol, among other putative
SIRT1 activators, does not interact with SIRT1 directly, but instead resveratrol interacts
with a fluorophore present on a substrate molecule to increase target binding
(Pacholec et al., 2010).

The pharmacokinetics of resveratrol have been investigated and reviewed (Cottart et
al., 2010), in which it was cited as a promising compound, however, later reviews of
resveratrol clinical trials concluded that due to the high bioactivity, but low
bioavailability, derivatives of the compound would be likely to yield improved outcomes
in clinical trials (Tomé-Carneiro et al., 2013). It has also been proposed that resveratrol
leads to the translocation of tyrosyl tRNA synthetase to the nucleus, at which point it
complexes with PARP1 to alter NAD* signalling, with a downstream positive effect on
the activity of SIRT1 (Sajish and Schimmel, 2015). It is perhaps unsurprising that a
molecule as small as resveratrol, with no obvious means of specific protein targeting,

has been proposed to act through such a wide variety of mechanisms.

A clinical trial investigating the effects of various polyphenols on mitochondrial
respiration in the elderly is due to publish results soon (NCT02123121); a second
clinical trial, investigating the effects of resveratrol in twenty patients of mitochondrial
myopathies is currently underway (NCTO378777).
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Epicatechin
Epicatechin has been shown to induce resistance to fatigue in mice, accompanied by

increases in the levels of proteins associated with the electron transport chain, as well
as TFAM, indicative of mitochondrial biogenesis (Nogueira et al., 2011). Increases in
the levels of porin, citrate synthase and TFAM were also noted upon the administration
of epicatechin - and various derivatives - to in vitro cultures of bovine coronary artery
endothelial cells (Moreno-Ulloa et al., 2013). Epicatechin was recently discovered to
act as an agonist for pregnane X receptor (PXR) in skeletal muscle, resulting in
increased myogenin expression and myoblast differentiation (Ortiz-Flores et al., 2020).
Recent investigations into the effects of epicatechin in healthy human volunteers have
produced markedly contrasting data to pre-clinical earlier studies, reporting that
epicatechin dosing blunted increases in mitochondrial activity and markers of
mitochondrial mass, which were conversely observed to increase in the placebo group
(Schwarz et al., 2018). A phase Il clinical trial regarding the efficacy and safety of
epicatechin use for the treatment of Friedreich's ataxia over 24 weeks has been
completed, with no significant change noted between start and end point measures of
disease severity (clinicaltrials.gov: NCT02660112). No further trials are underway, or
currently recruiting, for epicatechin use in primary mitochondrial diseases.

Omaveloxolone

Omaveloxolone has been shown to increase levels of glutathione and trigger
mitochondrial biogenesis in ALS mouse models (Neymotin et al., 2011). When applied
topically, omaveloxolone has also been shown to activate NRF-2 in rats, a key
regulator of mitochondrial biogenesis downstream of PGC-1a (Reisman et al., 2014,
Rai et al., 2015). Omaveloxolone has been investigated in a phase Il clinical trial
involving patients with mitochondrial myopathies (genetic diagnosis and biochemical
defect in at least one mitochondrial complex - various clinical diagnoses) in a dose-
escalating manner, to assess both its safety and its efficacy in treating the diseases
(NCT02255422). Resultant data has shown activation of NRF-2 related pathways with
improvements to lactate levels and heart rate during submaximal exercise (Madsen et
al., 2020). Suggestions of the potential benefit to patients with Friedreich's ataxia have
been made (Lynch et al., 2019); a clinical trial investigating these prospects is currently
underway, which is expected to conclude in 2022 (NCT02255435).
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Quercetin

Quercetin is a polyphenolic organic compound, which has been shown to increase
parameters associated with mitochondrial biogenesis in rodents, such as PGC-1a and
SIRT1 mRNA levels, through activation of the NRF-2 pathway, with evidence building
for over a decade (Davis et al., 2009, Rayamajhi et al., 2013, Kim et al., 2015, Li et al.,
2016, Lee and Kim, 2018, Davinelli et al., 2020).

Quercetin presents as a potential agent for complete mitochondrial turnover, activating
both biogenesis and mitophagic pathways, such as PINK1/Parkin and HIF-1a (Wang
etal.,, 2011a, Yu et al., 2016, Liu et al., 2018, Davinelli et al., 2020). Quercetin has also
been cited as an antioxidant capable of scavenging superoxide ions, further increasing
its scope for potential use in mitochondrial disease patients (Nimse and Pal, 2015,
Koopman et al., 2016). However, despite encouraging claims to its effects, both in vitro
and in vivo (Davis et al., 2009, Ay et al., 2017), studies in healthy humans have shown
no statistically significant increases in mRNA expression levels of PGC-1a, SIRT1,
CytC or citrate synthase; despite trends to increases (Nieman et al., 2010).

The effects of quercetin have been assessed in clinical trials in multiple unrelated
diseases and conditions, (Ferry et al., 1996, Okamoto, 2005, Zahedi et al., 2013,
Amirchaghmaghi et al., 2015, Kooshyar et al., 2017, Hezaveh et al., 2019) with many
more planned or underway in various diseases and conditions including cancer,
COPD, Diabetes mellitus, Alzheimer’'s disease and COVID-19 (clinicaltrials.gov:
NCT01912820, NCT03989271, NCT00065676, NCT04063124 and NCT04377789
respectively). Despite the wide extent of interest in quercetin, no clinical investigations
are yet to take place in mitochondrial disease patients.

79



Pyrrologuinoline Quinone

Pyrroloquinoline Quinone (PQQ) acts to cycle NADH with NAD+, with the equilibrium
of this reaction in favour of NAD*. Increases in NAD* levels have been shown to
activate SIRT1 when PQQ is used at micromolar (10-30 uyM) concentrations in vitro
(Zhang et al., 2015b). PQQ has further been shown to exhibit antioxidant capabilities
in healthy human volunteers (Harris et al., 2013). PQQ has also been shown to
modulate CREB pathways in vitro, to increase PGC-1a expression and lead to the
induction of mitochondrial biogenesis at 30uM (Chowanadisai et al., 2010). It is noted
that SIRT1 activation of PQQ via its redox cycling is not mutually exclusive of its action
on CREB.

The injection of mg quantities per kg body weight of PQQ has also been shown to
induce MB, via the AMPK axis, in rotenone induced mouse models of Parkinson’s
disease; resulting in a partial phenotypic improvement over 21 days (Cheng et al.,
2021). Results from a trial in untrained human males, supplemented with PQQ while
exercising, showed that the oral administration of 20mg/day PQQ resulted in the
increased expression of PGC-1a, as measured by ELISA of muscle biopsy
homogenate (Hwang et al., 2019). However, no differences were observed in peak
oxygen consumption and no ergogenic effects were noted. It is important to note
increases in PGC-1a expression does not necessarily result in increased mitochondrial
mass or enhanced aerobic performance, due to tight post-transcriptional control of
PGC-1a activity.

One in vitro study by Saihara et al., 2017, claimed PQQ efficacy at nanomolar
concentrations, as well as physiological relevance, however, this study’s experiments
were dependant on serum starvation of cells in vitro prior to and during PQQ exposure
(Saihara et al., 2017). Serum starvation was likely employed to circumvent the well-
documented reactions of PQQ with free amino acids, forming the redox inactive major
products oxazolopyrroloquinoline and imidazolopyrroloquinoline in an equilibrium
reaction heavily favouring the redox inactive products (Mitchell et al., 1999, Zhang et
al., 2015b). The work of Saihara et al., 2017, provides a proof of concept of PQQ
stimulated mitochondrial biogenesis at nanomolar levels. Derivatives of PQQ which do
not undergo reactions with free amino acids, but retain their redox cycling capabilities,
may yet prove to be interesting lines of inquiry for the induction of mitochondrial

biogenesis.
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Bezafibrate

Bezafibrate, a pan-PPAR agonist and putative inducer of mitochondrial biogenesis,
has been explored for potential applications in remedying mitochondrial dysfunction
(Tenenbaum et al., 2005, Yatsuga and Suomalainen, 2011).

Yatsuga and Suomalainen, 2011, showed that bezafibrate dampened the cumulative
onset of MtDNA deletions and the progressive development of cytochrome c oxidase-
negative muscle fibres in mouse models of late-onset mitochondrial myopathy
(Yatsuga and Suomalainen, 2011). However, the mice presented multiple detrimental
side effects, including (but not limited to) hepatomegaly and severe weight loss,
indicating drug toxicity (Komen and Thorburn, 2014). Bezafibrate has also been shown
to be ineffective and even detrimental in some rodent models of mitochondrial disease
(Viscomi et al., 2011). However, these side effects have previously not been reported
in humans (Goldenberg et al., 2008), thus clinical trials investigating the use of
bezafibrate in patients with mitochondrial diseases have continued -
www.clinicaltrialsregister.eu: 2012-002692-34 (ongoing), 2015-001382-10 (ongoing),
2011-001205-27 (ongoing).

One trial has been completed, in which six patients with m3243A>G associated
MELAS (www.clinicaltrialsregister.eu: 2015-000508-24) were given oral doses of 200-
400mg bezafibrate, at six-week internals for twelve weeks. The trial showed a 12%
increase in Cll activity over the twelve-week period, but no changes to any other
mitochondrial complex activities, mtDNA copy number or in levels of PGC-1a: and no
statistically significant reduction in NMDAS score.
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AICAR

AMPK influences both the transcription and activity of PGC-1a. Thus, the efficacy of a
synthetic  selective AMPK agonist, 5-aminoimidazole-4-carboxamide-1-3-d-
ribofuranoside (AICAR), has been explored in the context of mitochondrial biogenesis.

AICAR, a pro-drug metabolised in cell cytoplasm to the active drug ZMP, has been
shown to increase physical endurance, reduce exercise intolerance, mimic caloric
restriction and rescue mitochondrial dysfunction in mouse models of cytochrome c
oxidase deficiency (Viscomi et al., 2011). AICAR has also been associated with
increases in PGC-1a and SIRT1 activity, resulting in significant increases in
mitochondrial biogenesis in rodents (Gurd et al., 2009, Gurd et al., 2011). Therapeutic
relevance for this compound has also been cited regarding liver steatosis, kidney
diseases and Diabetes mellitus in obese mice (Borgeson et al., 2016).

Despite growing pre-clinical evidence, this compound is yet to be assessed for a

therapeutic effect in mitochondrial disease patients in a clinical setting (El-Hattab et al.,
2014, Russell et al., 2020).
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NAD* Precursor Supplementation

An impairment to mitochondrial activity can result in the accumulation of NADH, and
the subsequent lowering of the levels of NAD*, which also prevents the redox cycling
of the NAD*/NADH system. This can lead to dysfunctions in an array of mitochondrial
functions and trigger knock-on effects on pathways reliant on NAD*. Therefore,
compounds that increase the levels of NAD" in cells are of potential therapeutic
interest. This is not only due to the correction of the NAD*/NADH ratio, but also
because of the impact on the NAD* dependent deacetylase SIRT1, and thereby on
PGC-1a activity and mitochondrial biogenesis.

Nicotinamide riboside (NR - a direct precursor of NAD*) and polyADP-ribose
polymerase (PARP — a major consumer of NAD" in the nucleus) inhibitors have been
shown to increase endogenous NAD+ levels, thereby raising the activity of SIRT1
(Russell et al., 2020). This approach has seen various levels of success within in vitro
studies and in vivo models (Gorman et al., 2016). NR has been shown to increase the
activity of PGC-1a and lead to the upregulation of mitochondrial biogenesis in the
“Deletor” mouse model (Khan et al., 2014). NR and PARP inhibition has also
demonstrated a recovery of OXPHOS associated gene expression in Sco*°K mice
(Cerutti et al., 2014). Administration of nicotinamide mononucleotide (NMR), an
additional NAD* precursor downstream of NR in the synthesis pathway of NAD*, to
mouse models of Leigh Syndrome (NDUFS4 knockout) ameliorated lactic acidosis and
increased lifespan (Lee et al., 2019).

Another NAD* precursor, the vitamin B3 derivative niacin, has been shown in a clinical
trial in patients with mitochondrial myopathy (NCT03973203) to return NAD" levels to
that of controls and increase both muscle strength and mitochondrial biogenesis,
without altering mtDNA deletion levels or intra-mitochondrial structure (Pirinen et al.,
2020). The study conducted by Pirinen et al., 2020, not only advances efforts to
produce a treatment for mitochondrial myopathies but also acts as a proof of principle
for the beneficial effects of mitochondrial biogenesis; despite not addressing or
correcting the underlying mtDNA defect (Pirinen et al., 2020). Clinical investigations
into vitamin B3 derivatives continue: acipimox is planned to undergo clinical
investigation in m.3243A>G and large-scale mtDNA deletion patients; the trial (AIMM)

is currently recruiting.
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|ldebenone

Idebenone is a synthetic analogue of CoQ capable of donating electrons to Clll of the
mitochondrial respiratory chain. This allows the bypass of Cl to restore activity to CllI
and thereby CIV via the reduction of cytochrome C. Idebenone is also hypothesised to
act as a membrane localised antioxidant to suppress lipid peroxidation (Russell et al.,
2020).

A phase I clinical trial, in 85 patients with genetically confirmed LHON conducted over
three years, has shown improvement in visual acuity (Klopstock et al., 2011, Klopstock
et al., 2013), resulting in Idebenone subsequently being approved for use in these
patients (Rudolph et al., 2013, Garone and Viscomi 2018, Russell et al., 2020). Follow-
up clinical studies are planned (NCT02774005) and currently recruiting
(NCT02771379).

Elamipretide
Elamipretide is a modified cationic cell-permeable tetrapeptide, which localises to

mitochondria and has been demonstrated to bind cardiolipin (Birk et al., 2013). This
effect has been shown to aid the formation of super-complexes and thereby increase
respiratory efficiency (Chatfield et al., 2019). Elamipretide also restores cristae
structure and connectivity through aggregating and stabilising cardiolipin, as measured
by serial block-face scanning electron microscopy, in ischemic rat hearts, which also
resulted in the recovery of respiratory function (Allen et al., 2020).

Clinically, elamipretide has been under investigation in the MMPOWER trial series
(NCT02367014). The phase Il trial (MMPOWERK-II), conducted over four weeks,
resulted in patients exhibiting approximately a 5% improvement in distance covered in
a six-minute walk test (Cohen et al., 2018). Although this failed to achieve statistical
significance, a trend was noted and a phase lll clinical trial (MMPOWER-III,
NCT03323749) was initiated (Cohen et al., 2018). MMPOWER-III published results in
2019, showing that the primary endpoints of improvements in the six-minute walk test
and the Primary Mitochondrial Myopathy Symptom Assessment (PPMSA) total fatigue
score were not met; the trial has since been terminated (Prnewswire, 2019).
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KH176
KH176 is a derivative of vitamin E, shown to be an orally bioavailable potent antioxidant

in mitochondria, capable of permeating the blood-brain-barrier (Koopman et al., 2016).
Pre-clinical investigations using NDUFS4 knockout mice showed that KH176
normalised lipid peroxidation and improved motor performance; as measured by a
rotor-rod test (De Haas et al., 2017). A phase Il clinical trial, assessing the effects of
KH176 in twenty m.3243A>G associated MELAS patients (KHENERGY -
NCT02909400) was completed in 2017. The trial observed no significant
improvements in the primary outcome measure of gait parameters, though
improvements to mood and alertness were apparent (Janssen et al., 2018). As a result,
a follow-up study (KHENERGIZE - NCT04165239) to confirm these beneficial effects
is currently recruiting MELAS patients.

Bromo-Domain Protein Inhibitors

A high throughput CRISPR screen spanning the entire human genome, in complex |
deficient cybrid cells (m.14459G>A) screening for an improvement to cell survival in
galactose media, has identified a competitive repressor of some PCG-1a
promoter/enhancer sites: BRD4 (Barrow et al., 2016). A subsequent screen of a small
molecule library, screening for the same outcome, uncovered I-BET-525762A,; a potent
small-molecule inhibitor of BRD4, currently used in the treatments of various cancers
(Barrow et al., 2016). While CRISPR knockout, or IBET treatment, did not resolve
complex | deficiency itself, metabolic reprogramming was evident. A bypass of
complex | was observed in treated cells, demonstrated by increases in levels of the ClI
substrate FADH:, due to a shift to glutamine becoming a significant substrate of the
tricarboxylic acid cycle. Functionally, IBET treatment increased CIl and CIV derived
oxygen consumption and allowed ND6 mutation harbouring cybrid cells to survive
acute exposure to galactose media (Barrow et al., 2016). Non-specific BRD inhibition
using I-BET-151, targeting BRD2/3/4, is highly damaging to the ultrastructure of
cardiomyocyte mitochondria in rodents; leading to reductions in respiration rate and
mitochondrial mass (Piquereau et al., 2019). Therefore, the pharmaceutical
development of I-BET compounds required for their re-application to mitochondrial
diseases must be undertaken with a high degree of caution to maintain target
specificity to BRD4.
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Table 1.1. Summary of putative small molecule therapeutics under investigation for the treatment of

mitochondrial diseases.

Putative Therapeutic Proposed Mechanism Development/Clinical Trial Stage
Rapamycin Metabolic reprogramming Pre-clinical
Resveratrol MB — SIRT1 Activation Phase Il
Epicatechin MB — PXR Activation Phase Il — Failed Primary Endpoints
Omaveloxolone MB — NRF2 Activation Phase Il
Quercetin MB — NRF2 Activation Phase Il (excl. mito. dis.)
PQQ MB — Indirect SIR1 Activation Pre-clinical
Bezafibrate MB — Pan-PPAR Agonist Phase Il
AICAR MB — AMPK Agonist Pre-clinical
NR MB — SIRT1 Activation Pre-clinical
Niacin MB — SIRT1 Activation Phase I
Acipimox MB — SIRT1 Activation Phase Il (Recruiting)
Idebenone Complex Bypass — ClII Approved for use in LHON Patients
Elamipretide Cardiolipin Binding Phase lll — Failed Primary Endpoints
KH176 Small Molecule Antioxidant Phase I
[-BET-525762A Bromo-Domain Inhibitor Pre-clinical
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1.9. An Overview of Druq Discovery Methods

The panel of putative treatment options for mitochondrial disease under investigation,
section 1.8.5, demonstrates the need for the continual discovery of new lead
compounds; several initially promising compounds have failed to meet primary trial
endpoints. Drug discovery projects can proceed along one of two routes, targeted
directed design or phenotypic screening. While, if successful, both arrive at the
identification of a lead compound, they are rooted in opposing principles.

1.9.1 Target Directed Drug Design

Target directed drug design relies on the identification of a suitable protein target, to
allow specificity of targeting. This requires in-depth knowledge of the pathological
mechanisms underlying the targeted disease to allow for the identification and
assessment of putative target proteins (Anderson, 2003). A target is chosen through
in vitro methods, for example, genetic knock-down/knock-out investigations, screening
for an improvement in the disease state of in vitro cellular models, or through the use
of positive control suitable for in vitro use in cell lines - but not clinically approved for
patient use. Specific targeting of a key protein in disease pathology further requires not
only absolute knowledge of the disease state but also homogeneity among the patient
population to ensure that any resultant drug will be of significant therapeutic value.

Near atomic-resolution structural information of the final targeted protein is required to
guide the synthesis of putative therapeutic compounds. Compounds are purposely
designed to bind to a target site and interact with key residues within (Anderson, 2003).
This is achieved through a variety of chemical interactions including Van der Waals
forces, pi stacking, polar interactions and hydrogen bonding and often sees the
employment of in silico modelling of drug/target interactions. A lead compound is
selected once efficacy is proven and taken forward for lead optimisation through
structural activity relationship (SAR) experiments.

While target directed drug design projects can ensure the development of a potent
ligand to a protein target of interest, the biological implications of such an agent often
remain unknown until the in vitro validation of lead compounds. Degenerate systems
are common in biology: the inhibition or activation of a biomolecule in the cell can result
in the activation of compensatory mechanisms to enforce the pre-intervention status
quo. This results in target directed drug design presenting as a high risk, high reward
strategy, which can see extensive financial and labour investments on lead candidates
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which never progress beyond the pre-clinical laboratory setting (Morgan et al., 2011,
Hingorani et al., 2019).

1.9.2 Phenotypic Screening

Phenotypic screening is reliant on the rapid assessment of large libraries of samples,
be they individual, characterised compounds or natural product extracts containing
complex mixtures of biomolecules. It is a powerful tool when knowledge of possible
protein targets is incomplete, but when distinct differences between diseased and
healthy cell populations are easily recorded. Thus, phenotypic screening projects are
dependent on the generation of repeatable and reproducible assays, yielding
consistent responses to positive controls, when available. In lew of a positive control
for phenotypic improvement, the state of wild-type control cells serves as a surrogate,
however, this increases assay complexity due to the requirement of an additional cell

type.

Once a hit sample is identified, mechanistic elucidation can commence, often in the
form of protein pull-down experiments to identify binding partners of the compound.
When a target protein has been identified, experiments can commence to optimise the
lead compound in a manner analogous to target directed drug design. However, SAR
analysis-like experiments can also be completed, through the random exploration of
chemical space around the lead compound, guided by phenotypic results using

investigative experiments analogous to the initial screen.

Projects employing libraries of natural product extracts must follow the intermediate
step of sample purification, prior to lead optimisation, to identify the active
component(s) of the sample. This process uses chromatographic techniques, to
separate samples into component parts, followed by the screening of resultant

fractions in a manner similar to the initial screen.

Phenotypic screening often includes a lengthy assay development and optimisation
period. Screens of large chemical libraries are both time-consuming and expensive,
thus it is favourable to expend significant effort to produce a reliable assay to ensure
multiple replicate screens are not required. Despite this, a significant advantage of
phenotypic screening in novel fields for drug discovery is that it allows the assessment
of previously undescribed molecular pathways. This aspect opens a new avenue for
therapeutic development, regardless of whether a final optimised therapeutic is
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discovered, as the identification of novel pathways facilitates target directed drug
design approaches.

The Z’ Score in Phenotypic Screening Assays

The Z' score is used to assess the viability of screening methods by calculating the
relationships between means and standard deviations of positive and negative
controls. Z’' scores range from 0 to 1, with a Z’ score of 1 indicating complete separation
of negative and positive control data. A Z' score of 0.5 < Z' < 1.0 is indicative of a
workable screening assay with sufficient separation between positive and negative
control, minimising the risk of identifying false positives or false negatives. A result of
Z’ < 0.5 indicates that the assay is unsuitable for screening - as the method cannot
reliably distinguish between positive and negative results. The Z' score is calculated

as follows:

Z' =1 -3(0p + On)/|up — |

opm: Standard Deviation of positive or negative control data.

Mpm: Mean of positive or negative control data

1.10.3 Phenotypic Screening with Tarqet Based Lead Optimisation

Despite the above two drug discovery methods outlined above being rooted in
contrasting principles, their use is complimentary. Projects commence with phenotypic
assays, screening for a desired effect, and culminate in lead optimisation of hit
compounds once a target protein is identified. Drug discovery projects such as the Drp-
1 inhibitor, MDivi-1, and POLRMT inhibitor, IMT1B, exemplify the real-world
applications of phenotypic and target directed drug discovery (Cassidy-Stone et al.,
2008, Bonekamp et al., 2020).
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1.10 Project Aims

1.10.1 High Throughput Screening for Mitochondrial Proliferators

Evidence for the beneficial effect of mitochondrial biogenesis in models of
mitochondrial disease has been mounting over the previous decade. Despite
numerous candidate compounds being presented in the literature for many years, with
notable in vitro and pre-clinical in vivo improvements to various mitochondrial disease
associated phenotypes, only one class of compound (vitamin B derivatives) have
shown promise as a putative treatment of mitochondrial diseases via mitochondrial

biogenesis.

Due to the highly unpredictable nature of drug development and clinical trials, the
current project seeks to identify further lead compounds for mitochondrial biogenesis,
using the high-throughput phenotypic screening of natural products in conjunction with
an industrial collaborator (Nanna Therapeutics).

The employment of phenotypic screening was selected for drug discovery purposes in
this project. This decision was made due to the large number of complex and
interconnecting pathways implicated in mitochondrial health, as shown by the
numerous mechanisms of action of putative treatments in section 1.8.5. The targeting
of a single pathway, for drug design efforts, significantly reduces the scope for the
identification of novel therapeutics, in a field with no fully characterised positive control

to guide a target directed project.

1.10.2 Investigation of the Effects of Agents Capable of Increasing

Mitochondrial Mass on the rate of Mitophaqy

The current project aims to further the knowledge surrounding any hit bacterial
extracts, as a result of aim 1.11.1, to aid in their progress in the drug discovery pipeline.
As part of the mechanism of action investigation plans for mitochondrial biogenesis
hits identified as per aim 1.11.1, the assessment of the effects of hit bacterial extracts
on the rate of mitophagy will be employed, using MitoQC analysis. Mechanistic insights
can be gained by establishing whether mitophagy rates are reduced in cells exposed

to mitochondrial biogenesis inducing hit bacterial extracts.
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1.10.3 Development of Novel Methods for the Characterisation of Disease

Burden in Cell Line Models of Mitochondrial Diseases

The heterogeneity of mitochondrial diseases, and the biochemical defects therein,
have hampered therapeutic development due to a lack of simple and reliable in vitro
phenotypic screens. The most common biochemical defects in mitochondrial diseases
are deficiencies in either complex |, complex IV, or both (Swalwell et al., 2011, Nouws
et al., 2012, Lake et al., 2016, Alston et al., 2017, Lax et al., 2016).

The development of a high-throughput technique for the quantification of the levels of
complexes | and IV has the potential to enable generalised phenotypic screening and
accelerate patient diagnosis. Current methods for the quantification of protein complex
levels in patient cells rely on low-throughput gel-based techniques, such as Western

Blotting, Blue Native—PAGE analysis and muscle biopsy analysis (Ng et al., 2021).

The current project aims to develop and validate a multi-well-plate assay to facilitate
the high-throughput quantification of phenotypic burden represented by the levels of
mitochondrial complexes | and IV.
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Chapter 2:

Methods
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2.1 Materials

Index of equipment, consumables and reagents.

2.1.1 Equipment

Applied Biosystems StepOnePlus Real-Time PCR System (4376600)
BD Biosciences FACS Symphony

BD Biosciences High Throughput System

Cellometer Auto 1000 Cell Counter (Nexcelom Biosciences)
ChemiDoc System (Bio-rad)

Eppendorf Thermomixer C (5382000015)

IncuCyte Live Cell Analysis System (Essen Biosciences)
Seahorse XF96 Analyser (Agilent)

Tecan D300e Digital Dispenser

Tecan HydroSpeed Plate Washer

Thermo Multidrop Combi Reagent Dispenser

Trans-Blot Turbo System (Bio-rad)

Zeiss Cell Discoverer 7

93



2.1.2 Consumables

384 well glass-bottomed imaging plate (PerkinElmer CellCarrier384 Ultra — 6057300)
96 well glass-bottomed imaging plate (PerkinElmer CellCarrier96 Ultra - 6055300)
96 well U-bottomed plates (Greiner Bio-One CellStar - 650185)

96-well Flat-Bottomed Plates (Greiner Bio-One CellStar - 655160)

96-well Flat-Bottomed Plates (TPP - 92096)

96-well PCR plate (Applied Biosystems MicroAmp Fast Optical 96-Well Reaction Plate
—4346906)

ADP (Sigma Life Science, 01905-1G-F)

Antimycin A (Sigma Life Science, A8674-25MG)

Bradford Reagent (Bio-rad)

Cellometer Disposable Cell Counting Chambers (Nexcelom Biosciences, PD100)
Cryotubes (CryoPure Réhren, 72.380)

Dialysed Foetal Bovine Serum (dFBS, Sigma Life Science — F0392)

Dimethyl Sulfoxide (DMSO, Sigma Life Science — D2660-100ML)

Dulbecco’s Modified Eagles Medium — Glucose Free (GluFree-DMEM, Sigma Life
Science — 11966025)

Dulbecco’s Modified Eagles Medium (DMEM, Sigma Life Science D5796-500ML)
Dulbecco’s Phosphate Buffered Saline (DPBS, Thermo Fisher - 14190-094)
Foetal bovine serum (FBS, Sigma Life Science - F0926)

G418 antibiotic (Sigma Life Sciences — A1720-5G)

Iscove’s Modified Dulbecco’s Media (IMDM, Gibco Life Technologies 31980-022)
Magnesium Chloride Solution 50mM (Bioline - BIO-37026)

Mini-PROTEAN TGX 12% precast gels (Bio-rad)
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Non-Essential Amino Acid Solution (Sigma Life Science — M7145)
Normal Goat Serum (NGS — Sigma Aldrich; G9023)

Paraformaldehyde Solution 4% in PBS (ChemCruz — sc-281692)
Penstrep (Gibco Life Technologies — 15140-122)

Proteinase K (Invitrogen — 1777172)

Reservoirs (StarLab, E2310-1010)

Rotenone (Sigma Life Science, R8875-1G)

Seahorse XF Plasma Membrane Permeabilizer (PMP, Agilent - 102504-100)
Seahorse XFe96 Cell Culture Microplates (Agilent, 101085-004)
Seahorse XFe96 Sensor Cartridges (Agilent, FluxPack Mini, 102601-100)
Sodium Pyruvate Solution (100mM, Sigma Life Science — S8636)
Sodium Succinate (Sigma Life Science S2378-100G)

StarSeal Advanced Polyolefin Film (E2796- 9795)

StarSeal Sealing Tape — Aluminium Foil (E2796-1100)

TAQMAN master mix (Thermo Fisher Scientific - Applied Biosystems, 4440038)
Trypan Blue (Invitrogen - T10282)

TrypLE Solution (Gibco Life Technologies — 12605-010)

Universal Tissue Culture Tubes (Griener Bio-One, 201172)

Uridine (Sigma Life Science — U3003)

Vented T300 Adherent Cell Flasks (VWR, 10062-884)

Vented T75 Adherent Cell Flasks (Sarstedt — 83.3911.302)

Vented T75 Suspension Cell Flasks (Sarstedt — 83.3911.502)
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2.1.3 Buffers and Solutions

Laemmli Sample Buffer — 2x. (4ml Glycercol, 4ml 20% SDS, 0.02g Bromophenol blue,
2ml dH20)

PBS (0.137M NaCl, 0.0027M KCI, 0.01M NazHPO4, 0.0018M K:HPO4 — pH 7.4)

gPCR Lysis buffer (10% v/v 0.5M TrisHCI — pH 8.5 - 1% Tween20 in PBS, 39%

deionised water and 1% Proteinase K)

RIPA Lysis Buffer (50mM Tris-HCI, 150mM NaCl, 0.1% Sodium Dodecyl Sulphate,
0.5% Sodium deoxycholate, 1% IPEAGAL, Protease Inhibitor Cocktail - 1 Tablet, 10ml
dH20)

TBST (0.014M NaCl, 0.002M Tris base 0.1% Tween20 — pH 7.6)

Tris-glycine running buffer — 5x. (144g glycine, 30g Trizma Base, 10g SDS, 2| dH>0 —
pH. 8.8).

Western Blot Blocking Buffer (5g Powered Milk, Marvel, 100ml TBST)
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2.1.4 Antibodies and Target Binding Small Molecules

Table 2.1. Index of primary and secondary antibodies employed throughout the project.

Primary Antibodies
sHos_t Isotype Protein Target Stock Concentration Source & Reference
pecies (mg/ml) Number
Rabbit IgG TOM20 0.235 Abcam: ab186734
Mouse 1gG1 NDUFBS8 1.0 Abcam: ab110242
Mouse 1gG1 NDUFS3 1.0 Abcam: ab110246
Mouse 1gG1 SDHA 1.0 Abcam: ab14715
Mouse IgG2a MTCOI 1.0 Abcam: ab14705
Mouse IgG2b TFAM 1.0 Abcam: ab119684
Mouse IgG2b NDUFA13 1.0 Abcam: ab110240
Secondary Antibodies
Host Target Species Conjugated Stock Concentration Source & Reference
Species & Isotype Fluorophore (mg/ml) Number

Goat Rabbit IgG Alexa-Fluor-405 20 Invitrogen: A31556
Goat Rabbit IgG Alexa-Fluor-488 20 Invitrogen: A11008
Goat Mouse 1gG1 Alexa-Fluor-488 20 Invitrogen: A21121
Goat Mouse 1gG1 Alexa-Fluor-546 20 Invitrogen: A21123
Goat Mouse 1gG1 Alexa-Fluor-647 20 Invitrogen: A21240
Goat Mouse IgG2a Alexa-Fluor-546 20 Invitrogen: A21133
Goat Mouse IgG2a Alexa-Fluor-647 20 Invitrogen: A21241
Goat Mouse IgG2b Alexa-Fluor-546 20 Invitrogen: A21143
Goat Mouse 1gG2b Alexa-Fluor-647 20 Invitrogen: A21242

Table 2.2 Small molecules used in fluorescent microscopy to label cellular structures.

Target Binding Small Molecules

Molecule | Target | Conjugated Fluorophore/intrinsic | Source & Reference | Solvent/Stock
fluorescence Number Concentration
Phalloidin | F-Actin Alexa-Fluor-568 Invitrogen: A12380 Methanol/6.6uM
DAPI dsDNA 350/460nm Thermo Fisher: dH20/36mM
D21490
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2.1.5 DNA Oligomers for gPCR Reactions

Table 2.3. DNA oligomers purchased from Eurofin Genomics for use in gPCR reactions

DNA Oligomer Sequence
MT-ND1 Probe VIC-5'-CCATCACCCTCTACATCACCGCCC-3-MGB
B2M Probe 6-FAM-5ATGTGTCTGGGTTTCATCCATCCGACA-3'MGB
MT-ND1 forward primer 5'CCCTAAAACCCGCCACATCT-3
MT-ND1 reverse primer 5'- GAGCGATGGTGAGAGCTAAGGT-3'
B2M forward primer 5'- CCAGCAGAGAATGGAAAGTCAA-3’
B2M reverse primer 5-TCTCTCTCCATTCTTCAGTAAGTCAACT-3
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2.2 Cell Culture Methods

2.2.1 Mammalian Cell Culture

All cultured cell lines were routinely incubated at 37°C in a humidified atmosphere
containing 5% COa.

K562 cells were cultured in T75 suspension flasks in IMDM supplemented with 10%
(v/v) foetal calf serum (FCS) and 1% (v/v) penstrep, forming complete IMDM. A line of
K562 cells has previously been transfected to constitutively express GFP fused to a
COXVIIlI  mitochondrial import sequence (K562-m-GFP). The transfection also
conveyed G418 resistance to the cells to facilitate selection. K562-m-GFP cells were
routinely cultured in complete IMDM treated with 300ug/ml G418.

HeLa cells were cultured in T75 flasks in DMEM supplemented with 10% (v/v) foetal
bovine serum and 1% (v/v) penstrep, forming complete DMEM. Immortalised fibroblast
cells, derived from human mitochondrial disease patients (NDUFS2 mutant) and
healthy controls, were cultured in T75 or T300 flasks in complete DMEM further
supplemented with 1% (v/v) non-essential amino acid solution and 50ng/ml uridine,
forming glucose fibroblast media. As experiments required, to force the presentation
of the OXPHOS defect, NDUFS2 mutant fibroblasts were also cultured in galactose
fibroblast media: GluFree-DMEM supplemented with 10mM galactose, 10% (v/v)
dFBS, 1% (v/v) Penstrep, 1% (v/v) non-essential amino acid solution, 50ng/ml uridine,

1% sodium pyruvate solution.

2.2.2 Cell Passaqging

All adherent cells were passaged, once at 80% confluence, by trypsinisation. Cells
were washed once with DPBS and treated with 2ml or 5ml TrypLE trypsin solution, for
T75 or T300 flasks respectively. Trypsin was quenched using 8ml or 20ml of
appropriate complete media, for T75 or T300 flasks respectively, and subsequently
transferred to universal tissue culture tubes followed by centrifugation at 160g for four
minutes. The supernatant was aspirated from the universal tubes and resultant cell
pellets were resuspended in appropriate media for reseeding or plating at desired
confluences. Suspension cell lines were passaged by the removal and replacement of
half of the culture media.
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2.2.3 Cryoqenic Preservation of Cell Lines

Adherent cells were prepared for cryo-preservation through trypsinisation and pelleting
as described above, with resultant pellets resuspended in 1ml or 4ml FBS with 10%
(v/v) DMSO, per T75 or T300 flask respectively. Suspension cell lines were prepared
for cryo-preservation by centrifugation and aspiration of supernatant followed by
resuspension in 1ml FBS with 10% (v/v) DMSO per T75 flask equivalent area (i.e., 4ml
FBS/DMSO for a cell pellet originating from one T300 flask). 1ml aliquots of cell
suspension were transferred to individual cryotubes, which were frozen at -80°C for 24
hours and subsequently transferred to liquid nitrogen storage vessels.

2.2.4 Cell Counting

Cell counts were obtained by staining 10ul cell suspension with Trypan blue (1:1 v/v).
10ul of the resultant mixture was transferred to a disposable cell counting chamber for
use in a Nexcelom Cellometer Auto 1000. Three replicate counts were acquired per
cell line to facilitate the calculation of an accurate mean cell density (cells/ml). This
value was used in cell plating for all assays carried out in multi-well plates, described
in the following subsections.
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2.3 Methods Utilised in the Development of an Assay Pipeline for the

Identification of Agents Capable of Inducing Mitochondrial Biogenesis

Methods Used by Nanna Therapeutics Collaborators

2.3.1 Bacterial Library Formation and Primary Screening

The following information in section 3.3.1 has been provided by a senior member of
staff at Nanna Therapeutics, which has been interpreted by the author. The
experimental methodologies briefly outlined in section 3.3.1 were carried out by staff
at Nanna Therapeutics; the author makes no claims of ownership regarding any aspect
of the work in this specific section.

Library Formation

Bacterial libraries were formed using over 100,000 unique bacterial species from a
variety of ecological niches, but largely from soil-dwelling bacteria. Bacteria were
subject to random transposon mutagenesis, using transposons containing promoters
of five different expression strengths. Due to the random nature of transposon insertion
into the bacterial genomes, limited to one insertion event per cell through the
stoichiometric use of reagents and transposon vector, in excess of 1x10° unique clones
can be produced per species. The transposon insertion events can give rise to a
number of possible outcomes for the randomly targeted gene: overexpression,
truncation or knockout. This results in the production of approximately 20-50 unique
metabolites per clone, due to the change in the expression level of the transposon
effected gene. The process is outlined in Fig 2.1.

Large Collection of unique Bacteria Optimised promoters, Transposons inserts randomly in genome,
isolated from different ecological niches 5 strengths 1 per bacterium

#* <P
K’h ﬂ @ r :
— A - I + —ET— —— —-—Eﬂz»- —> e,
oo R g ce”
— ) *®
100,000 unique isolates >1000 engineered >1,000,000,000 unique clones 20-50 unique
libraries metabolites/clone

Fig 2.1. A representation of the steps taken to produce natural product extract libraries at Nanna
Therapeutics. Sequencing of libraries showed that the transposons were distributed around the
genome, except within essential genes.
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Primary Screening

Individual bacterial clones, single cells, from the Nanna Therapeutics natural products
library were encapsulated alongside mammalian cells in 0.5nl vesicles of silicone or
flurous based oils with ‘Nanna-Surfactants’ (precise formula withheld on request by
Nanna Therapeutics). Co-cultures were created by diluting bacteria to approximately
250,000 colony-forming units/ml of media, either RPMI or Freestyle293T, containing
mammalian cells: Jurkat, HEK293T or HepG2s (all acquired from ATCC) at 0.2-1x10°
cells/ml. The microdroplets were formed using modified flow-focusing devices
(Dolomite, UK or Micronit, NL) whereby the aqueous liquid mix of bacterial and
mammalian cells was fed into the device under pressure and mixed with the oil at the

junction, Fig 2.2.
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Fig 2.2. Representations of a Nanna Therapeutics microfluidic chip used in microdroplet production. A.
Schematic of a microfluidic chip. B. Light microscope image of a microfluidic chip in use.

Flow rates used were routinely 100-200 pl/minute of aqueous cell mixtures and 300-
400pl/minute of oil. The flow rate was determined empirically for each mixture by
generating vesicles and ensuring the droplet size was 100pum in diameter, as
measured by light microscopy. Modifications to the flow rates were made to

consistently generate microdroplets of this size.

The generation of microdroplets proceeded for 2-3 hours to generate 30-50ml of
aqueous microdroplets in a total volume of >100ml. Excess oil was gently decanted
from the product mixture and the vesicles were incubated for 120 hours at 37°C + 5%
CO: in standard tissue culture flasks. This allowed time for bacterial clones to grow

and produce metabolites and for the mammalian cells to respond.
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Microdroplets were subsequently separated from suspension media, using a 125um
mesh particle strainer above a 40um mesh particle strainer (Fisher, UK), to remove
any large particles and bacteria outside the vesicles. The cells within the vesicles were
then stained by addition of 5nM TMRM (Fisher, UK) for 1h, incubated at 37°C in an
atmosphere containing 5% COg, in standard tissue culture flasks. Thereafter the cells
were further stained using 20nM Hoechst (Fisher UK - 33342) for thirty minutes.

Sorts were performed on custom, modified MoFIoXDP cell sorters using a 200pm
nozzle. Excitation of Hoechst was achieved using a 100mW, 405nm laser. Emission
from Hoechst staining was detected via a filter set for 480+/- 30nm. TMRM was excited
from a 488nm, 100mW, laser - detection was achieved using a 590nm +/- 25nm filter
set. Hoechst and TMRM signals were detected on a logarithmic and linear scale
respectively. Single-way sorts were performed on microdroplets showing a relative
increase of TMRM of greater than 25% of the mean these vesicles were collected and
then burst to free bacteria within. These hit-producing bacteria were plated onto agar,
containing antibiotics to select for the transposons within, and allowed to grow until

colonies appeared.

Once colonies appeared, they were isolated by streaking onto fresh agar. Stocks of

hit-producing bacteria were formed through cryo-preservation of bacterial cultures.
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2.3.2 Putative Hit Sample Preparation

Putative hit bacteria were thawed in Freestyle media at room temperature, from
cryopreserved stocks, and streaked onto agar in 10cm petri dishes and incubated at
37°C overnight. Single colonies were subsequently picked and used to inoculate 100ml
Freestyle media in T75 suspension flasks and incubated at 37°C for five days to allow
for the conditioning of the growth medium with bacterial metabolites.

After the incubation period, bacterial cultures were centrifuged to clarity. The resultant
supernatant was filtered through a 0.22um PVDF filter, to remove bacterial cells and
other contaminants. Filtered supernatant samples were Iyophilised by rotary
evaporation to complete dryness and frozen at -20°C. Putative hit samples were
transferred to containers suitable for transport to the Wellcome Centre for
Mitochondrial Research (WCMR); U bottomed 96 well plates, deep well 96 well plates
or Eppendorf tubes, dependent on the amount of sample to be transported.

Once received at WCMR, samples were reconstituted in sterile-filtered dH2O to the
pre-lyophilised volume, or one-tenth of the pre-lyophilised volume, dependent on

experimental requirements.
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Methods Used in Mitochondrial Proliferator Screening at WCMR

A high throughput screening approach was employed to assess samples for
mitochondrial biogenesis effects on human cell lines. To fulfil this requirement a variety

of stages were used, which can be summarised in the figure below.

Approximate Sample Count
1 pp P 1000
Flow Cytometry (m-
GFP & TMRM)
gPCR (Assess mtDNA TOM20 Immuno-
Copy Number) fluorescent Intensity
Select Hits

Dose Dependency Investigations
(Immunofluorescence)

Mechanistic and
Functional Investigations

Fig 2.3. A flow diagram illustrating the planned high throughput screening approach, which was
applied to efforts to identify mitochondrial proliferating agents.
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2.3.3 Flow Cytometry

Cell Incubation and Sample Preparation

During a previous project, a K562 lymphoblastoma cell line was transfected to
constitutively express COXVIII-N-terminal mitochondrial targeting sequence-green
fluorescent protein (m-GFP). This current project employed these K652-mGFP cells,
which were plated into 96 well U-bottomed plates at a density of 10,000 cells, in 50pl
complete IMDM, per well. Putative hit bacterial extracts were added to wells at a 1:1
volume ratio with IMDM. Cells were then incubated at 37°C in a humidified atmosphere
containing 5% CO: for 48 hours. Before data collection, cells were subject to staining
with 5nM tetramethylrhodamine methyl ester (TMRM) for thirty minutes.

Flow Cytometry Methodology

All flow cytometry screening at WCMR was carried out using a BD Biosciences FACS
Symphony instrument, coupled with a High Throughput System (HTS) attachment to
allow for efficient sampling from 96 well plates. Lasers to stimulate GFP and TMRM
fluorescence were selected: 488nm and 561nm respectively, emission intensities were
detected at 530nm and 586nm for GFP and TMRM respectively. Prior to flow analysis,
the contents of each well were briefly mixed using a multi-channel pipette, set at 75,
to minimise cell clumping. Wells were subjected to a further four mixing cycles of 50ul
each using the BD Biosciences HTS at a mixing rate of 200ul/second. Sampling from
the HTS to the FACS Symphony consisted of 10ul cell suspension from each well in
succession, at a flow rate of 3ul/second.
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Data Processing and Analysis

Data were processed using FCS Express 6 Flow Research Edition software (DeNovo
Software FCS Express 6.05.0028) to calculate mean and standard deviation values of
m-GFP and TMRM signals for all samples. These data were exported in Microsoft
Excel CSV files to allow import into R Studio for further processing with a ggplot2
package (R Core Team, 2017, R: A language and environment for statistical
computing: https://www.R-project.org/). This method allowed for data normalisation to
untreated controls, the automatic identification of samples present in the top five
percentiles in each measured parameter and the creation of scatterplots for data
visualisation. The computational code for flow cytometry data processing can be found

in section 7.1: Appendix A.
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2.3.4 gPCR

Cell Incubation and Sample Preparation

Hela cells were plated in 96-well flat-bottomed plates at a density of 5000 cells, in 50pl
complete DMEM, per well. To allow for cell adherence to the well surface, the plates
were incubated for 24 hours at 37°C in a humidified atmosphere containing 5% COs..
The cells were treated with samples of interest at a 1:1 dilution in culture media and
further incubated for 48 hours. To extract lysates for gPCR analysis, cells were
subsequently incubated with 100ul lysis buffer per well at 37°C for thirty minutes, mixed
at 300rpm while being heated to 55°C in a thermomixer for two hours, followed by 10
minutes at 95°C without mixing. All samples were then immediately frozen at -20°C.

gqPCR Methodology

The gPCR reaction utilised TAQMAN master mix in an Applied Biosystems
StepOnePlus Real-Time PCR to calculate the relative levels of an MT-ND1 amplicon
as a measure of mtDNA copy number normalised against an amplicon of the beta-2-
macroglobulin single-copy nuclear gene (B2M) (Rygiel et al., 2015). An index of DNA
oligomers used can be found under section 2.1.5. All probes were made up to 5uM
stocks in autoclaved dH2O, all primers were made up as 10uM stocks in autoclaved
dH20. Appropriate volumes of complete master mixes were calculated for the
production of MT-ND1 and B2M amplicons (1.5ml per 96 well plate of samples) and

were prepared as shown in table 2.4.

108



Table 2.4. Composition of complete MasterMix used in qPCR reactions to determine mtDNA copy

number per cell.
MT-ND1

Component Ratio Value
TAQMAN Master Mix 5
ND1 Probe 0.2
ND1 Forward Primer 0.3
ND1 Reverse Primer 0.3
Autoclaved dH20 1.7

B2M

Component Ratio Value
TAQMAN Master Mix 5
B2M Probe 0.2
B2M Forward Primer 0.3
B2M Reverse Primer 0.3
MgCl2 0.6
Autoclaved dH20 1.9

A tenfold serial dilution of a recombinant plasmid (originally pcDNA3.1) containing MT-
ND1 and B2M targets was prepared in dH20, for use as an internal calibration curve
(log1o([amplicon]) vs ddCT) to facilitate the calculation of the concentration of MT-ND1
and B2M genes in unknown samples, by linear interpolation of the standard curve. Cell
lysates (6x5ul) were transferred to wells of a 96-well PCR plate, to allow for triplicates
for both MT-ND1 and B2M reactions. Each dilution of the internal calibration curve was
also added in triplicate to separate wells. 15ul of the appropriate complete master mix
was added to each of the triplicates. Plates were sealed using Star Seal Advanced
Polyolefin Film, pulse vortexed five times and centrifuged at 300rpm for ten seconds.
Sealed plates were loaded into an Applied Biosystems StepOnePlus Real-Time PCR
System and subjected to the following reaction conditions: 2 minutes at 50°C, 10
minutes at 95°C and 40 cycles of 15 seconds at 95°C and 1 minute at 60°C. The
resulting ddCT data for each amplicon in unknown samples were processed by linear
interpolation of internal calibration curves to generate MT-ND1 and B2M amplicon
concentrations for each sample, from which a ratio of MT-ND1:B2M concentrations

was taken as a measure of the average number of mtDNA molecules per cell.
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2.3.5 Immunofluorescent Imaging

Cell Incubation and Sample Preparation

HelLa cells were seeded per well in a 96 well glass-bottomed imaging plate at a density
of 5,000 in 50yl of complete media. For further confirmatory work investigating dose-
dependency of hit samples, 384 well glass-bottomed imaging plates were also
employed, into which 750 fibroblasts were seeded per well in 25ul of glucose culture

media.

To allow for cell adherence to the well surface, the plates were incubated for 24 hours
at 37°C in a humidified atmosphere containing 5% CO.. The cells were subsequently
subject to treatment with samples of interest.

Sample Dosing — Screening

Samples (50ul) were dosed onto cells at a 1:1 dilution of extract to culture media,
unless otherwise stated. Such a dilution was denoted as 50% relative concentration.
Experiments were conducted in biological triplicate across three plates — one replicate

per plate.

Sample Dosing — Dose Dependency Investigation

Hit extracts were reconstituted in autoclaved, sterile filtered dH20 at one-tenth of the
pre-lyophilised volume, to facilitate cell viable doses of relative concentrations of 100%
in culture media. Samples were dosed at a maximum relative concentration of 100%
(1:10 dilution of 10x concentrated extract) and subject to a two-fold serial dilution
descending down the 96 well plates, leaving the bottom row for negative controls to
which was added 50yl culture media alone. Experiments were conducted in biological
triplicate using three 96 well plates. Replicate experiments were also carried out in 384
well plates, in which two rows and two columns formed the samples for each

concentration, providing an internal biological quadruplicate per plate.
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Preparation for Immunofluorescent Imaging

All volumes reported below are for a 96 well plate experiment protocol, volumes used
for 384 well plates are a quarter of those for 96 well plates.

After a 48-hour incubation period, the cells were washed twice with 200ul per well PBS.
Cells were then fixed using 100ul per well 4% paraformaldehyde in PBS and incubated
at room temperature for 15 minutes. All wells were washed with 100ul PBS and
permeabilised with 50ul of 5% Normal Goat Serum, in TBST, per well and gently
rocked for one hour at room temperature. The cells were then treated with primary
antibodies: anti-TOM20 antibody and anti-TFAM antibody (as required), at a 0.03%
(v/v) dilution in 5% (v/v) NGS in TBST. The cells were incubated with the primary
antibody solution overnight at 4°C, with gentle rocking. All wells were then washed
three times with 100ul TBST prior to incubation with secondary antibody solution: 0.2%
(v/v) secondary antibody in 30% (v/v) NGS in TBST. DAPI (10mg/ml in dH20) and
phalloidin-Alexa-fluor-568, were both diluted at 0.1% (v/v) into the secondary antibody
solution. The subsequent staining cocktail was added to the plate at 50pl per well and
incubated, covered and sealed using StarSeal Sealing Tape — Aluminium Foil, at room
temperature for one hour, with gentle rocking. All cells were washed twice with 100ul
0.02% (w/v) sodium azide in PBS and stored at 4°C, covered and sealed with StarSeal

Sealing Tape — Aluminium Foil, for later imaging.

Data Acquisition and Processing

Samples were imaged using a Zeiss Cell Discoverer 7 high throughput widefield
microscope at 25x magnification, 50x water immersion objective with a 0.5x optovar,
acquiring four images per well as technical replicates. Z stacks were obtained at 1um
intervals at each position, consisting of five images centred on the focal plane, to
ensure full capture of mitochondrial morphology. Images were processed using Zen
Blue software. Orthogonal projections of Z stacks were obtained, and resultant images
were imported to PerkinElmer Columbus Software for analysis.

Data analysis pipelines were created, using the data processing package Columbus,
to identify cells as areas of interest based on nuclear and cytosolic markers. Mean
staining intensity and object areas were calculated for TOM20 and TFAM signals and
ratios between areas were then taken as required, i.e., TOM20 area per unit cell area,
as required. An example pipeline is presented in section 7.2: Appendix B. Data was
exported from Columbus and imported to TIBCO Spotfire software for visualisation.
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2.4 Methods Utilised to Assess the Therapeutic Prospects of Mitochondrial

Turnover

2.4.1 Mito-QC Analysis

Cell Seeding and Sample Treatment

MitoQC expressing fibroblasts were seeded at 2,500 cells per well in 96 well glass-
bottomed imaging plates in glucose media. Cells were left to adhere to the well base
over 24 hours. Cells were subsequently treated with bacterial extracts at the same
relative concentration used in secondary flow cytometry screening, 50%, section 2.3.5.
After a 48-hour incubation period, the cells were washed twice with 200ul per well PBS.
Cells were then fixed using 100l per well 4% paraformaldehyde in PBS; incubated at
room temperature for 15 minutes. The plates were washed as before, sealed using
StarSeal Sealing Tape — Aluminium Foil and stored at 4°C for later imaging.

Imaging

MitoQC analysis images were captured for further analysis using a Zeiss Cell
Discoverer Series 7 HT widefield microscope, as per section 2.3.5.

Data Processing

Analysis of mitoQC data was kindly performed by Dr. S. Bell. The protocol employed
for data analysis was established by Dr. S. Bell, (Bell, 2020), but can be briefly
summarised as follows. PerkinElmer Columbus Software facilitated the identification
of mCherry spots, denoting punctate mitochondrial mass, regardless of mitophagy
status. The mGFP signal intensity was calculated within each mCherry spot. The ratio
of mCherry/GFP signal intensity was subsequently calculated, such that a low mGFP
signal with high mCherry intensity (i.e. a high ratio) denotes a mitophagy positive
mCherry spot. In order to exclude punctate, mitophagy negative, mitochondria from
the analysis, i.e., those with above-average GFP fluorescence, a minimum threshold
Of Muntreated+10untreated Was used to identify mitophagy positive mCherry spots. This
same threshold ratio was also applied to treated cells. The number of mitophagy
positive spots, those above the threshold mCherry/GFP ratio, was taken as a
percentage of the total mCherry spot count, to give a % mitophagy reading for sample

comparison.

112



2.5 Methods Used in the Development of an Immunofluorescent Method for

Mitochondrial Defect Quantification and Phenotypic High Throughput Screening

2.5.1 NDUFS2 Mutation in Patient Derived Fibroblasts as a Cell Line Model of
Complex | Deficiency

A patient presented at 8 months of age with a Leigh Syndrome phenotype, suffering
from repeated vomiting, failure to thrive and developmental delay — patient 3 (Tuppen
et al., 2010). Plasma and cerebral spinal fluid lactate levels were found to be elevated
(11.66mmol/l and 5.56mmol/I respectively, versus normal readings of 0.5-1mmol/l and
1-2mmol/l) and cranial MRI scans revealed abnormal development of the cerebral
peduncles, dorsal pons and upper medulla (Tuppen et al., 2010). Two heterozygous
pathogenic mutations were identified (c.353G>A and ¢.875T>C) in the NDUFS2 gene,
which resulted in two single amino-acid substitutions: p.Arg118GiIn and p.Met292Thr
(Tuppen et al., 2010).

Phenotypically, the mutation manifested as a severe complex | assembly and activity
defect. Muscle homogenate from the patient exhibited 20% residual CI activity. BN-
PAGE analysis revealed trace levels of fully assembled complex I, in gel-activity
assays from fibroblasts showed an absence of activity. Deficiencies in NDUFB8 and
NDUFA9 complex | subunits, determined by SDS-PAGE, were also demonstrated
(Tuppen et al., 2010). The combination of this genetic and biochemical data resulted
in a diagnosis of Leigh Syndrome.

Biochemically, NDUFS2 binds with NDUFS3, 7 and 8 to form the first major
intermediate of Cl assembly pathway (Mckenzie and Ryan, 2010, Guerreo-Castillo et
al., 2017), detailed in section 5.1.2. This hydrogenase intermediate binds FeS clusters
and NDUFA9 to combine with the MIM bound ND1 containing intermediate, with the
influence of NDUFAF3 and 4 assembly factors (Vogel et al., 2007, Mckenzie and Ryan,
2010, Guerreo-Castillo et al., 2017). It is hypothesised that the pathogenic mutations
in NDUFS2 severely limit the rate of formation of the hydrogenase intermediate, and
thereby significantly inhibit the rate of Cl assembly.
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These mutations are predicted to be damaging to the function of NDUFS2 by the online
prediction tool PolyPhen-2 (Adzhubei et al., 2010), showing that both reside in highly

conserved regions of the protein — result displayed in Fig 2.4.

This mutation is predictedtobe PROBABLY DAMAGING with a score of 1.000 (sensitivity: 0.00; specificity: 1.00)

Fig. 2.4. Prediction of the severity of the p.Arg118Gin (top) and the p.Met292Thr (boftom) mutation
in the NDUFS2 gene of Cl deficient fibroblasts from a Leigh Syndrome Patient used as a model of
Cl deficiency. Prediction made using the online tool: PolyPhen-2 (Adzhubei et al., 2010). Both
mutations were found to reside in a highly conserved area and was predicted to be damaging.

The region surrounding position 118 has been shown to directly interact with NDUFS3
and FeS clusters vital to Cl catalytic function (Jaokar et al., 2013). It can therefore be
hypothesised that the p.Arg118GIn mutation reduces the rate of Q module assembly
by lowering the stability of the NDUFS2-NDUFS3 interaction, (Guerreo-Castillo et al.,
2017). Met292 forms a key component of the interior, the p.Met292Thr mutation
introduces an additional protein kinase C phosphorylation site, which may impact
protein structure (Pagniez-Mammeri et al., 2011).

Other clinical presentations of NDUFS2 mutations have shown varying defects. Of note
is Asp446Asn, which caused severe Cl biochemical defects, but no Cl deficiency (Ngu
et al., 2012). NDUFS2 mutations more commonly result in Cl deficiency and
subsequent Cl activity defects: Glu148Lys, Arg228GIn, Pro229GIn, Arg333GIn,
Arg408Cys, Ser413Pro, Asp446Asn (Tuppen et al., 2010, Ngu et al., 2012). Mutations
in NDUFS3 (Thr145lle and Arg199Trp) result in similar clinical phenotypes and
biochemical dysfunctions as the afore mentioned NDUFS2 mutations, in the form of Cl
deficiency (Bénit et al., 2004).

Immobilised fibroblasts derived from patient 3, (Tuppen et al., 2010), produced using

the protocol described in 2.5.4, are referred to as NDUFS2 mutant fibroblasts.
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2.5.2 NDUFS6 Mutation in Patient Primary Fibroblasts as an Additional Model
of Cl Deficiency

A paediatric male was found to harbour a homozygous mutation in the NDUFS6 gene:
c.316_319delGAAA. The mutation manifested as a p.Glu106GInfs*41 mutation in the
NDUFS6 protein; a frameshift resulting in a substitution of Glu106 to GIn and the
generation of a stop codon 41 base pairs downstream of the substitution. The length
of wild-type NDUFS6 is 124 residues, this mutation creates a polypeptide of 120
residues, including the aforementioned residue substitution. Muscle homogenate from
the patient was found to present with 5% residual Cl activity and exhibited an NDUFB8
deficiency, as measured by quadruple immunofluorescent analysis of muscle biopsy
sections — patient 6 (Ahmed et al., 2017).

Biochemically, NDUFS6 is a component of the N module, vital for the catalytic activity
of Cl (Mimaki et al., 2012). The N module, required for the binding and oxidation of
NADH, is assembled in the mitochondrial matrix and binds to the Q module after Q/P
intermediate assembly (Mckenzie and Ryan, 2010, Guerreo-Castillo et al., 2017). This
final assembly step leads to the release of all associated assembly factors, NDUFAF1
2, 3 and 4 and ECSIT, to leave mature ClI in the MIM (Guerreo-Castillo et al., 2017).
This pathogenic mutation is hypothesised to reduce the binding affinity of NDUFS6 for
zinc, a step shown to be critical to the assembly of mature Cl in yeast (Kmita et al.,
2015). The loss of any one of three conserved cysteine residues in human NDUFS6,
between positions 115-124, is fatal (Rouzier et al., 2019). The frameshift and
subsequent stop codon after ¢.316_319delGAAA, in this patient, eliminates this

conserved region.
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2.5.3 SURF1 Mutation in Patient Derived Fibroblasts as a Cell Line Model of

Complex |V Deficiency

A paediatric female, presenting with a Leigh Syndrome like phenotype, was found to
harbour a ¢312_320del10insAT mutation in SURF1. The mutation manifested as a
premature stop codon in the gene transcript, resulting in the truncation of the translated
protein at Leu105 (p.Leu105X), from its wild type length of 300 residues.

This pathogenic mutation renders SURF1 unable to aid in the assembly of CIV: SURF1
is essential to facilitate the binding of the MTCOI and MTCOIIl assembly intermediates
of CIV, potentially through heme group delivery (Signes and Fernandez-Vizarra, 2018).
Cells harbouring this mutation have been found to exhibit significantly reduced COX
levels (Wedatilake et al., 2013).

2.5.4 Immortalisation of Mitochondrial Disease Patient Derived Fibroblasts

Primary fibroblast cell lines were immortalised using a retroviral construct, carrying the
EGE7 gene region of human papillomavirus type 16, and were a kind gift from Dr. Kyle

Thompson.
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2.5.5 Galactose Growth Assay

Fibroblasts harbouring the NDUFS2 mutation were seeded at a density of 2,500 cells
per well in 96-well Flat-Bottomed Plates (TPP - 92096), in glucose media (see section
2.2.1 for media recipe). Cells were allowed to adhere to the base of the wells over 24
hours before undergoing a media change to galactose media (see section 2.2.1 for
media recipe). Media changes consisted of the removal of glucose media, 1x wash
with PBS and the careful addition of 100ul of galactose media. During the media
change, wells requiring application of MOA2 were dosed to yield a final drug

concentration of 3uM, unless otherwise stated.

After the media change, cell plates were inserted into an IncuCyte Live Cell Analysis
System (Essen Biosciences), which uses phase-contrast imaging to capture images
of cells in multi-well plates every 3 hours for a set duration of time. Computational
analysis using Incucyte Zoom software was used to calculate the mean confluence of
cells, per condition (e.g., treated versus un-treated cells), at each time point, to

facilitate the generation of cellular growth curves.
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2.5.6 Immunofluorescent Imaging

Immunofluorescent methodologies underwent extensive optimisation during the
project. An index of antibodies and small molecules employed can be found under
section 2.1.4, table 2.1 and 2.2. The protocol below details the final optimised
procedure in PerkinElmer Cell Carrier Ultra glass-bottomed 384-well imaging plates.

Cell Seeding and Compound Incubation

Fibroblasts harbouring the mitochondrial disease mutations (various), as well as wild-
type control fibroblasts, were seeded in PerkinElmer Cell Carrier Ultra glass-bottomed
384-well imaging plates at 1000 cells per well in glucose media. To allow for cell
adherence to the well surface, the plates were incubated for 24 hours at 37°C in a
humidified atmosphere containing 5% CO.. The cells were subsequently subject to a
media change to galactose media, as described in 2.5.5 but to a final volume of 25l
and dosed with 3uM MOA2 as required. Cells were subject to re-application of 3uM
MOAZ2 after 96 hours had elapsed from the initial dose. Cells were incubated for a
further 96 hours.

Sample Preparation

After an eight-day incubation period, cells were washed once with PBS using a Tecan
HydroSpeed Plate Washer. All subsequent plate washes were also carried out using
a Tecan HydroSpeed Plate Washer. Cells were then fixed by the addition of 20ul of
4% paraformaldehyde in PBS to dry wells. Plates were incubated at room temperature
for 10 minutes. All wells were then washed once with PBS, after which 20ul PBS-
1%(v/v) BSA was added to dry wells using a Thermo Multidrop Combi Reagent
Dispenser. Plates were incubated for 30 minutes at room temperature with gentle
rocking. All wells were washed again with PBS and 20ul methanol was added to dry
wells using a Thermo Multidrop Combi Reagent Dispenser. Plates were incubated for
30 minutes at room temperature with gentle rocking. Plates were subsequently washed
three times with PBS, leaving 10ul PBS remaining in all wells, to which 10yl of primary
antibody cocktail was added. The cocktail was formed using PBS containing 2% w/v
BSA and 0.2% (v/v) TritionX100 (PBS-BSA-TritonX100), to which antibody stocks were
added to produce 0.5% v/v (5ug/ml) anti-NDUFA13, anti-NDUFS3 and 0.066% v/v
(0.16ug/ml) anti-TOM20. Other antibodies also employed included anti-NDUFB8, anti-
MTCOI, anti-SDHA as experimentally appropriate. The cells were incubated overnight

at 4°C, with gentle rocking. All wells were then washed three times with PBS, leaving
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10ul PBS remaining in all wells, prior to incubation with secondary antibody solution.
Appropriate secondary antibodies were added to PBS-BSA-TritonX100 solution, as
previously described, to form a final working stock concentration of 0.2% v/v (4ug/ml).
When experimentally required for quadruple immunofluorescent experiments, a
working stock concentration of 0.4% v/v (8ug/ml) Goat-Anti-Rabbit-AF405 secondary
was used. When appropriate, nuclear staining was achieved using DAPI (10mg/ml in
dH20) at 0.1% (v/v) in the secondary antibody cocktail. The secondary antibody
cocktail was added to the washed plates at 10ul per well, which were incubated,
covered and sealed using StarSeal Sealing Tape — Aluminium Foil, at room
temperature for one hour with gentle rocking. Plates were subsequently washed three
times in PBS containing Penstrep (Gibco Life Technologies — 15140-122) 1% (v/v),
leaving 10ul remaining in all wells. Plates were analysed immediately, after which they
were stored at 4°C.

Data Acquisition and Processing

Samples were imaged using a Zeiss Cell Discoverer 7 high throughput widefield
microscope at 25x magnification, using a Plan-APROCHROMAT 50x water-immersion
objective lens with a 0.5x optovar. Z stacks were obtained at 1um intervals at each
position consisting of five images centred on the focal plane, as determined by maximal
TOM20 immunofluorescent intensity, to ensure full capture of mitochondrial
morphology. Images were processed using Zen Blue software: orthogonal projections
of Z stacks were obtained, and resultant images were imported to PerkinElmer
Columbus Software for analysis. Columbus pipelines were created to identify
mitochondrial areas using TOM20 immunostaining. The intensities of
immunofluorescent signals from stained proteins, within mitochondrial areas, were
then quantified and totalled. Data processing was also incorporated into Columbus
pipelines, in the form of total immunofluorescent intensity, in individual channels of
interest, normalised per unit mitochondrial area. An example pipeline is presented in
Appendix D. Data was exported from Columbus was imported to TIBCO Spotfire
software for visualisation, at which stage custom plate mapping tables were applied
and figures were produced.
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2.5.7 SDS-PAGE and Western Blotting

Cell Culture and Protein Extraction

Cells for protein expression analysis were seeded in 6 well plates at 125,000 per well,
in glucose cell culture media, and allowed to proliferate to approximately 90%

confluence.

Protein extraction consisted of washing cells once in ice-cold PBS, followed by
scraping with cell scrapers (Santa Cruz), in 2ml PBS. The resultant suspension was
transferred to 2ml laboratory tubes and centrifuged at 500g at 4°C for 10 minutes. Next,
the liquid was removed from the tube and disposed of. 20ul RIPA lysis buffer was
added to the cell pellet and vortexed for 30s. The vortexed tubes were placed on ice
for 10 minutes and then centrifuged at 2400g for 2 minutes at 4°C. The supernatant
was subsequently transferred to clean sample tubes and frozen at -20°C for storage.

Bradford Assay

A standard Bradford assay was employed to determine protein concentration in protein
extracts, before gel loading. A standard curve of BSA was prepared in dH20 (to form
standards of 2.5ng/ml, 6.25ng/ml, 12.5ng/ml, 18.75ng/ml and 25ng/ml) to a total
volume of 800ul per standard. Samples for analysis (1ul of total lysate) were added to
799l dH20. Bradford reagent (Biorad), 200ul, was added to all standard curve tubes
and samples and vortexed vigorously. The standard curve and samples were added,
in duplicates of 200ul each, to wells in an optical bottomed 96 well plate. A SpectraMax
M3 plate reader was used to record the absorbance of 595nm light in all wells.
Concentrations of protein in analysis samples were determined through linear

interpolation of the standard curve.
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SDS-PAGE and Protein Transfer

Samples for SDS-PAGE were prepared by combining appropriate volumes of sample
to give 20ug protein (as determined by Bradford assay) in 1x Laemmli sample buffer,
with 10% v/v DTT, to make up 20l of a sample. Samples were heated to 95°C for 10
minutes and subsequently centrifuged for a further 10 minutes, at approx. 65,000g.
Mini-PROTEAN TGX 12% precast gels (Bio-rad) were loaded into an electrode
assembly and lowered into a buffer tank, filled with 1x tris-glycine running buffer.
Samples were loaded into the precast gel, along with a molecular protein ladder - 20pl.
The gel was run at 120V for one hour, after which time the gel was removed from the
assembly and place on a pre-wetted PDVF membrane between two ion reservoir
stacks (Bio-rad). This assembly was loaded into a cassette for a Trans-Blot Turbo
System (Bio-rad) to facilitate the transfer of proteins to the membrane over three
minutes at 25V/2.5A.

Western Blotting and Image Acquisition

The protein-containing PDVF membrane was placed into western blotting blocking
buffer for one hour, at room temperature with gentle rocking. Primary antibodies were
diluted into blocking buffer and added to the membrane, which was incubated
overnight at 4°C with gentle rocking. The membrane was subsequently washed three
times, 10 minutes each, in TBST. HRP-secondary antibodies were diluted in blocking
buffer and added to the membrane, which was incubated for one hour at room
temperature with gentle rocking. The membrane was again subjected to three washes
of TBST, 10 minutes each. The membrane was developed using an Amersham ECL
Prime kit, as per the manufacturer’s instructions. Resultant bands were imaged using

a Biorad ChemiDoc system.
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Chapter 3:

Development of an Assay Pipeline for the Identification of Agents

Capable of Inducing Mitochondrial Biogenesis
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3.1 Introduction

Mitochondrial diseases present as a significant area of unmet need, with no cure and
limited treatment options available. The single therapeutic approved for use in
mitochondrial disease patients is ldebenone, used for the treatment of visual loss
associated with LHON (Klopstock et al., 2011, Klopstock et al., 2013). Despite several
putative therapeutic compounds present in the literature, both in pre-clinical and clinical
trials (section 1.8.5), the low success rate of drug discovery projects demands that

more lead compounds are continually put forward for development.

As a result of the high degree of genetic and biochemical heterogeneity in
mitochondrial diseases, current treatments, such as ldebenone, are beneficial to a
minimal fraction of the patient population. This is especially relevant to newly
developing methods of mtDNA editing, such as ZFNs, TALENs or DdCBEs, which
require targeting to individual mtDNA genotypes (Minczuk et al., 2008, Bacman et al.,
2013, Gammage et al., 2014, Gammage et al., 2018, Mok et al., 2020). The
identification of novel treatments, which can improve total mitochondrial function
irrespective of disease aetiology, presents as an extremally valuable prospect for
mitochondrial disease patients.

Global increases in mitochondrial oxidative capacity could also have implications for
the wider population. Metabolic dysfunction is a hallmark present in a variety of age-
associated and neurodegenerative diseases. Cancers, Parkinson’s disease, dementia,
Alzheimer’s disease, multiple sclerosis, obesity and Diabetes mellitus, as well as the
ageing process itself, all have links to mitochondrial dysfunction. The induction of
mitochondrial proliferation, with the view of increasing oxidative capacity, presents as
a novel line of investigation for the treatment of common age-associated diseases and
metabolic dysfunction.
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Despite the apparent simplicity of the phenotypic rescue by the MB hypothesis,
concerns regarding the implication of indiscriminate mitochondrial biogenesis can be
raised. Activation of mitochondrial biogenesis is hypothesised to act uniformly across
the entire mitochondrial population. In the case of primary mitochondrial diseases this
would preclude heteroplasmy shifts, increasing the total amount of mutated mtDNA as
well as wild type mtDNA. This has implications for the generation of ROS from
dysfunctional components of the electron transport chain, increasing the number of
these components is thought to result in a concomitant increase in ROS production
(Cui et al., 2012, Murphy, 2013, Guo et al., 2014, Pichaud et al., 2019). ROS have
been shown to cause indiscriminate oxidative damage to biomolecules, most notably
to disulphide bridges in protein structure and to DNA molecules — with particular
relevance to mitochondrial DNA in close proximity to the ETC (Zorov et al., 2014).
However, it is hypothesised that this theoretical increase in ROS could be mitigated
against as a result of an increased expression of the antioxidant enzymes: SOD1 and
2, catalase and glutathione peroxidase are under the transcriptional control of NRF-2
(Dong et al., 2008). The activity of NRF2 is predicted to be elevated in the event of
mitochondrial biogenesis, as a result of increased activity of PGC-1a: the widely
accepted master regulator of mitochondrial biogenesis (Wallace et al., 2010, Komen
and Thorburn, 2014, Lightowlers et al., 2015, Ploumi et al., 2017).
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3.2 Aim

Mitochondria comprise a wide variety of nuclear and mitochondrially encoded proteins,
as well as an array of lipids, phospholipids and biomolecules involved in the various
pathways of mitochondrial function. This results in many parameters that could
potentially be used as readouts for the assessment of mitochondrial mass. These
include: mtDNA content, mitochondrial membrane potential, mitochondrial membrane
areal/total envelope volume, mitochondrial protein content, enzymatic activity assays,
oxygen consumption rate assays as well as protein or mRNA quantification and post-
transcriptional state of key proteins involved in mitochondrial biogenesis pathways; for
example, PGC-1a.

Given the number of potential parameters for available for assessment, research
projects assessing mitochondrial mass must ensure an adequate variety of
experimental readouts to ensure project efficacy. For instance, increases in the protein
expression of PGC-1a will not necessarily result in the increased expression of
mitochondrial genes, due to the tight and complex post-transcriptional control of PGC-
1a activity. Just as an increase in mtDNA copy number does not necessarily indicate
increases in mMtDNA expression, nor does an increase in mitochondrial protein
expression result in increases in fully assembled mitochondrial complexes. In the
screening process, several methods are precluded from available experiments due to
the requirements of high throughput work. Oxygen consumption rate and enzymatic
activity analyses, as examples, require hours of active laboratory time to complete a
single assay of one multi-well plate and both methods require an array of costly
consumables, as well as a large number of cells to be cultured for each experiment.
These methods are inferior to immunofluorescent imaging for example, which does
require potentially lengthy staining/set up protocols but can be passively analysed by
automated microscopes and data set analysis pipelines to facilitate the screening of
large libraries of samples.

This project concluded that the measurement of mitochondrial mass, for the purposes
of phenotypic screening, centres on high throughout, primarily fluorescence-based,
techniques. Mitochondrial mass can be measured through mitochondrially localising
fluorescent markers and TOMZ20 immunostaining. Mitochondrial activity can be
approximated with the assessment of mitochondrial membrane potential, while
mitochondrial mMtDNA expression can be approximated through TFAM

immunostaining.
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This project aims to establish a set of assays to form a reliable pipeline for the
assessment of mitochondrial mass in vitro, using stable cell lines. It was planned to
commence with the ultra-high-throughput assessment of cells exposed to natural
product extracts, from bacterial transposon libraries, by flow cytometry using TMRM
staining — conducted by an industrial partner: Nanna Therapeutics. Hit extracts from
this initial screen were then be passed to The Wellcome Centre for Mitochondrial

Research (WCMR) for further assessment.

A secondary assay high throughput flow cytometry assay utilising mitochondrially
localising green fluorescent protein (m-GFP, accumulating in the mitochondrial matrix)
and TMRM (localising on both outer and inner surfaces of the MIM, fluorescence in
proportion to the mitochondrial membrane potential once localised) was then used to
assess putative primary screen hits. Immunofluorescent imaging techniques for a
marker of mitochondrial mass (TOM20, a key component of the TOM complex) and
gPCR for mtDNA content were employed against hit extracts from the secondary flow
cytometry screen to select final lead extracts. The pipeline was planned to culminate
in the demonstration of dose-dependency in lead extracts by immunofluorescent
imaging, assessing the mitochondrial area and TFAM (mitochondrial transcription
factor A, coating mtDNA) immunofluorescent spot count. Combined, it was envisaged
that these assays would allow for the assessment of mitochondrial membrane potential
(TMRM), mitochondria mass per cell (m-GFP, flow cytometry and TOM20,
immunofluorescent imaging) and mtDNA copy number (QPCR), as well as an indicator
of mtDNA transcription (TFAM, immunofluorescent imaging).
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3.3 Results

3.3.1 Primary Screening

Nanna Therapeutics screened in excess of 1.6x107 unique bacterial clones, in
individual co-cultures with HEK-293T cells, through a modified flow cytometry
instrument capable of analysing micro-droplets, using the protocol outlined in 3.3.1.
Briefly, staining with TMRM was used in HEK-bacteria co-cultures to determine
whether unique metabolites generated from individual clones, from the transposon
insertional library of bacteria, were able to promote mitochondrial biogenesis in HEK-
293T cells.

Encapsulation of both bacterial and mammalian cells, separately and in co-culture,
was confirmed using flow cytometry and visual inspection by optical microscopy, Fig
3.1.
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Fig 3.1. Confirmation of bacteria/HEK-293T co-culture in Nanna Therapeutics
microdroplets. A. Selection of Nanna Therapeutics microdroplets containing bacterial
cells, mammalian cells and co-cultures. B. Visual confirmation of the presence of separate
bacterial and mammalian cultures and co-culture in Nanna Therapeutics microdroplets
by optical microscopy
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The three sets of droplets were subject to TMRM and DAPI staining: bacteria and HEK-
293T cells alone and then in co-culture. Results in Fig 3.2 show minimal TMRM
fluorescence and low DAPI staining, relative to selected threshold fluorescent
intensities for both (denoted as gate R7), in microdroplets containing bacterial cells
alone. Higher intensities are noted in both fluorescent channels in microdroplets
containing mammalian cells, however, the population above the threshold intensity of
TMRM remains low relative to the optimised threshold, R7. Co-culture of bacterial and
mammalian cells significantly enriches the number of microdroplets exhibiting TMRM
fluorescent intensities that exceed the hit selection threshold, R7.
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Fig 3.2. Primary screen results provided by Nanna Therapeutics A. Heat maps from a
single library screen showing fluorescent intensities of A, bacterial cells, B, mammalian
cells and C, co-cultured bacterial and mammalian cells, encapsulated in Nanna
Therapeutics microdroplets, stained with TMRM and DAPI. The gated area “R7” denotes
samples of interest. Each library screen was performed in triplicate, samples present
within gate R7 in all three replicates were selected as primary screen hits.

104 105

Increasing Mitochondrial stain (TMRM)

The screen was performed in triplicate, with those samples that satisfied the
constraints of gate R7, in all three replicate screens, being identified as primary screen
hits. Approximately 1.6x10” unique clones were analysed in total. This screening gave
rise to 744 primary screen hits. Primary screen hit microdroplets were sorted and
retrieved. Bacteria contained within were cultured, and resultant bacterial supernatant
was processed and lyophilised, as described in section 3.3.1. Lyophilised primary hit
extracts were transported to WCMR in 96 well plates, 93 extracts per plate, alongside

three replicates of blank media to serve as internal untreated controls.
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3.3.2 Secondary Screening — Flow Cytometry

Secondary screening at WCMR commenced with flow cytometry experiments in K562-
m-GFP cells, stained with TMRM as described in section 2.3.3. This methodology both
replicated the work of Nanna Therapeutics (staining with TMRM, binding the inner and
outer faces of the MIM) and introduced a second measure of mitochondrial mass (m-
GFP, localising to the mitochondrial matrix). Prior to the start of secondary screening,

the WCMR assay underwent experimental validation.

Assay Validation

As shown in Fig. 3.3, A in the absence of both fluorescent probes (fluorescence null)
cells exhibited negligible levels of fluorescence: 102 arbitrary units. The experiment
also included m-GFP expressing, TMRM stained, K562 cells (fluorescence positive
cells). Fluorescent signals increased by two orders of magnitude, in fluorescence
positive cells relative to fluorescence null cells (wild type K562 cells, not expressing m-
GFP, not subjected to TMRM staining), to 10* arbitrary units: a 270-fold increase in m-
GFP signal, and 450-fold increase in TMRM, Fig. 3.3. B.
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Fig 3.3. Flow cytometry analysis K562 cells with and without fluorescent markers. Representative
dot plots for A) data for fluorescence null cells. B) data fluorescence positive cells. Data
processed from fluorophore investigations showing negligible signals in fluorophore negative
cells (C).
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This result confirmed the specificity of the fluorescence as a result of the probes and

showed that background readings were negligible in comparison to the true signals.

To eliminate the possibility of intrinsic fluorescence in samples giving rise to false-
positive readings, Nanna Therapeutics samples were investigated using a
spectrophotometer (Molecular Devices SpectraMax M3). Nanna therapeutics sample
plates, prepared as per 3.3.2, were assessed using 488nm and 561nm wavelengths —
the excitation wavelengths of m-GFP and TMRM molecules. Emitted light was
recorded within the ranges 510-650nm and 580-700nm to capture specific data from
m-GFP and TMRM respectively, Fig 3.6.
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Fig 3.4. Representative data from a single Nanna Therapeutics sample plate showing emission
spectra within plate layouts. Grids are representative of a 96 well sample plate. Each well forms x
and y axes, denoting relative scales for wavelength of light and signal intensity, respectively, as
shown by the expanded views of well A12 for each wavelength investigated. A) m-GFP (excitation:
488nm, recorded emission 510-650nm, vertical black line in the expanded view shows the m-GFP
emission peak) and B) TMRM (excitation: 561nm, recorded emission: 580-700, vertical black line
in the expanded view shows the TMRM emission peak).

None of the assessed Nanna Therapeutics samples exhibited significant intrinsic
fluorescence properties at the emission peak wavelengths of interest (marked by
vertical black lines in the expanded views in Fig. 3.4). This result, in combination with
the absence of fluorescent signals in fluorescent null K562 cells (Fig 3.5), supports the
conclusion that any increases in fluorescence intensities noted in this assay are due
to changes in mitochondrial marker signals, m-GFP and TMRM, as a result of sample
effects on the cells.
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Dose-Dependent Response of a Mitochondrial Biogenesis Positive Control — OR-1

A natural product extract of unknown composition was identified as an agent capable
of inducing mitochondrial biogenesis, in mammalian cells, by Dr. O. Russell, in an
independent screening project at WCMR (Russell, 2013). The extract is herein termed
OR-1. Having been previously validated for activity, OR-1 was used as a positive

control for mitochondrial biogenesis in the current flow cytometry assay.

To confirm that this method can detect increases in mitochondrial mass, fluorescence
positive K562 cells were incubated with OR-1, as outlined in section 2.3.3, in a two-
fold serial dilution ranging from 10% (v/v) to 0.313% (v/v) in quadruplicate. Resultant
data were processed in R Studio, using the analysis code shown in Section 7.1
Appendix A. A dose-dependent response was observed, with an increase of 1.55-fold
in mean TMRM fluorescent signal and an increase of 1.36-fold in mean m-GFP
fluorescent signal, in cells dosed with 10% (v/v) extract. The processed data is shown
in Fig. 3.5.
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Fig. 3.5. Average percentage shift in markers for mitochondrial mass and membrane potential for a
serial dilution of a natural product extract, identified by Dr. O. Russell, acting as a positive control for
mitochondrial biogenesis — herein termed OR-1. A) Scatterplot generated as per data processing
protocols outlined in section 3.3.3. Colours denote differences in sample concentration, n=4, each point
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a 96-well plate of a quadruplicate. B) Data processed as a bar chart to show average shifts in m-GFP
and TMRM fluorescence.
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The stepwise increases noted in TMRM and m-GFP fluorescent intensities, with
increasing concentration of OR-1, demonstrates the ability of the assay to quantify

increases in mitochondrial mass.

The Z' score (see 1.9.2) of this flow cytometry assay was determined to be
approximately 0.65, using data from no dose control cells and cells incubated in OR-
1, 5% (v/v) in culture media, for 48 hours. While data generated from the use of 10%
(v/v) of the positive control yielded a better Z’ score, the amount of OR-1 available for
use was limited. As such, 5% (v/v) OR-1 was selected for use as an internal positive
control in screening plates.
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Employment of Secondary Flow Cytometry Screening

To establish whether putative hits from the primary screen could be supported by more
detailed analysis, the samples received (prepared as per 3.3.2) were subjected to

WMCR flow cytometry screening, as validated above.

The first two plates received from Nanna Therapeutics were denoted as set 1 (1.1 and
1.2), which contained lyophilised media only. Set 1 was used solely for the purposes
of screening protocol familiarisation (data not shown). Subsequent putative hit samples
for secondary screening were received in batches of four plates, denoted set 2 (2.1-
2.4) and set 3 (3.1-3.4). Plates from set 2 and set 3 were subjected to the WCMR flow
cytometry screen on arrival. Sample identification codes were completed with the
inclusion of well number (by row). For example, well A11 of set 2, plate 3, was assigned
the sample ID: 2.3.11, while well E11 of set 3, plate 3, was assigned the ID: 3.3.59.

All sample plates were analysed in biological triplicate, with one media blank sample
per plate being spiked with 5% (v/v) OR-1. Scatterplots showing all data acquired from
the screen are shown in Fig. 3.6. A wide range of responses were observed, ranging
from reductions in m-GFP (0.9-fold reduction) and TMRM fluorescent intensity
(maximum 0.5-fold reduction), to upwards of 1.5-fold increases in both parameters,
depending on the sample analysed.

Data processing within R Studio was employed to automatically identify samples
present in the upper five percentiles of either parameter, in each sample plate. The
analysis code used can be found in Section 7.1 Appendix A. Extracts that satisfied the
afore mentioned rule were designated as putative secondary hits and were taken
forward for further analysis.
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Fig. 3.6. Average fold change in markers for mitochondrial mass and membrane potential for a single sample plate of putative
hit bacterial extracts received from Nanna Therapeutics. Wells containing TMRM stained, m-GFP expressing, K652 cells treated
with individual extracts were prepared and subjected to flow cytometry analysis, as described in section 3.4.1. Colours denote
different samples within each plot, each point represents an average reading from approximately 10,000 events, from one well
of a 96-well plate in biological triplicate. Data presented for sample plate 2.1 only, additional plots for the remaining plates (2.2
— 3.4) can be found in Appendix B.
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3.3.3 Hit Confirmation from Secondary Screening

To confirm hits from the WCMR flow cytometry screening assay and assess the
reproducibility of the assay, all putative hits were subjected to blinded re-analysis.
Bacterial strains responsible for the production of hit extracts, identified in the WCMR
flow cytometry screen, were cultured from cryopreserved aliquots at the Nanna
Therapeutics site. A sample plate containing these extracts was produced as before,
section 3.3.2. The positions of putative hit samples within the plate were blinded for
the duration of this confirmatory replicate analysis. Multiple replicates of extracts were
included from independent cultures of bacteria. This confirmation plate also contained
extracts from untransformed, transposon null, bacteria as well as lyophilised media
alone (no bacteria controls) in randomly selected positions. Data was not compared to
the first round of screening, due to the samples being produced from independent
cultures of bacterial library members. Predictions were made regarding the presence
or absence of transposon positive bacterial extract: samples that exhibited a
combination of readings of below 1.20-fold increase for TMRM readout and below a
1.9-fold increase of m-GFP readout were identified as transposon null (wild type control
or media only). Any samples exceeding these thresholds were designated as
transposon positive (a putative hit from the previous screen), Fig. 3.7.
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Fig. 3.7. Average percentage shift in markers for mitochondrial mass and membrane potential for
bacterial extracts received from Nanna Therapeutics, present in the upper five percentiles, by rank,
in the initial flow cytometry screen - alongside transposon null bacterial extracts. Data represented
in scatterplot format generated as per data processing protocols outlined in section 3.3.3. Colours
denote different samples, each point of the same colour represents an average reading from
approximately 10,000 events, from one well of a 96-well plate. Predictions were made regarding the
presence or absence of transposon positive bacterial extract: Samples which exhibited a
combination of readings of below 20% for TMRM readout and below 10% of m-GFP readout were
identified as transposon null. This region is highlighted using a green rhombus.
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The identities of bacterial extracts were unblinded after data acquisition and analysis,
Fig. 3.8.
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Fig. 3.8. Results from blinded analysis of flow cytometry putative hits, once sample identifiers were
obtained. A) Plate layout for the hit confirmation plate containing blinded, randomly positioned
extracts from bacterial culture media alone, transposon null or transposon transformed bacterial
cultures. Extracts have been colour-coded, revealing the outcome of predictions generated by the
flow cytometry screening assay. B) Graphical representations of the outcome of predictions
generated by the flow cytometry screening assay.
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This hit confirmation step showed reproducible activity, as measured by increases in
m-GFP and TMRM fluorescence intensities, in re-cultures of previously identified hit
extracts. Cells treated with extracts from re-cultured secondary hits were successfully
distinguished from cells treated with wild-type extracts and untreated controls in 94.6%
of cases, supporting the reliable identification of mitochondrial biogenesis inducing
samples by this assay, while controlling for conformation bias. The assay also
confirmed the reproducible nature of active extracts using Nanna Therapeutics novel

transposon mutagenesis methods.

All secondary hit bacterial extracts (n=38), denoted by fold changes in m-GFP or
TMRM fluorescence in the upper five percentiles in each sample plate of the secondary
screen (Fig 3.8), proceeded to tertiary assays.

Intriguingly, duplicate extracts from media conditioned with transposon null bacteria,
“XNAA5” were incorrectly identified as hit extracts. Given that transposon positive
strains of XNAAS5 were present in the secondary hit plate, but the untransformed strain
had not been assessed before, further investigations into untransformed XNAAS5 were
undertaken. Samples from media pre-conditioned by untransformed XNAAS were
prepared and analysed, alongside transposon positive secondary hits from XNAAS,

and analysed using the WCMR flow cytometry assay, Fig. 3.9.

Significant elevations in m-GFP fluorescent intensity are observed in K662-m-GFP
cells incubated with an extract of media conditioned by XNAAS transposon null
bacteria (P<0.0001). No significant effects on TMRM fluorescent intensities were
recorded in cells treated with transposon positive or negative bacterial extracts from
XNAAS5 (P>0.05). Extracts from transposon positive XNAAS5 strains exhibited a wide
range of activities with respect to m-GFP fluorescent intensity, indicating that the
production of the active agent(s) by XNAA5 bacteria can either be suppressed or
further enhanced by single transposon insertion events.
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Fig. 3.9. Graphical representations of flow cytometry data collected from cells incubated in
extracts from XNAAS transposon null and positive bacteria. Samples investigated included
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positive secondary hits originating from XNAA5 (purple — mean, pale green — minimum, dark
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3.3.4 Tertiary Assays — gPCR

Secondary hit extracts (n=38) were investigated using qPCR methods in HelLa cells,
as detailed in section 2.3.4, to quantify the average mtDNA nucleoid count per cell.

Increases in mtDNA count would be further indicative of increased mitochondrial mass.

Primers against the nuclear gene encoding beta-2 microglobulin (B2M) and the mtDNA
encoded gene for NADH:Ubiquinone Oxidoreductase Core Subunit 1 (ND1) were used
in the analysis. An internal calibration curve, formed by a serial dilution of a
recombinant plasmid containing both amplicons, was used to calculate the quantities
of each present in a per well of cells. The ratio of ND1:B2M copy numbers was then
taken to obtain the number of mtDNA nucleoids per cell, Fig. 3.10.
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Fig. 3.10. Graphical representation of QPCR data showing fold change in mtDNA copy
number per cell in cells incubated in secondary hit relative, to no dose controls. Total DNA
was isolated Hela cells and subject to gPCR analysis for mtDNA copy number, as per 2.3.4.
Fold change of mtDNA copy number is presented per extract analysed. N=3.

The majority of secondary hit extracts resulted in an increase in mtDNA copy number
per cell, relative to untreated cells. The maximum mean increase observed was a 4.72-
fold increase, while the median increase caused by the extracts was a doubling in
mtDNA content per cell. A single putative hit extract, 3.3.24, resulted in a non-
statistically significant reduction in mtDNA copy number, a 0.9-fold change.
Transposon negative bacterial extracts TFTH1, WCEC9, XNAAS and DCBB1 gave
1.4, 1.5, 1.6 and 2.30-fold increases in mtDNA count respectively.
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3.3.5 Tertiary Assays — Immunofluorescent Imaging

In order to investigate potential increases in the quantity of mitochondrial material,
secondary hit extracts were investigated using immunofluorescent staining for TOM20
and subsequent imaging in HelLa cells, carried out as detailed in section 3.3.5.
Columbus imaging quantification software was employed to calculate the mean
immunofluorescent staining intensity of TOM20 in TOM20 positive areas
(mitochondria), Fig. 3.11.
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Fig. 3.11. Graphical representation of immunofluorescent imaging data showing fold change
in TOM20 immunofluorescent staining intensity in cells incubated in secondary hit relative to
no dose controls.

The majority of samples increased the mean TOM20 immunofluorescent stained
intensity, relative to untreated cells. The maximum mean increase observed was 1.3-
fold over untreated cells, while the median increase as a result of samples incubation
was a 1.2-fold increase in TOM20 immunofluorescent stained intensity. Four tested
extracts resulted in non-statistically significant reductions in TOMZ20
immunofluorescent stained intensity in the HelLa cells: DCBB1 (an untransformed
control), 2.3.08, 2.2.85 and 3.2.01: giving 0.988, 0.987, 0.982 and 0.911- fold changes
respectively. Untransformed WCEC9, XNAAS resulted in statistically significant 1.18
and 1.25-fold increases in TOM20 immunofluorescent stained intensity.
Untransformed TFTH1 and DCBB1 bacterial extracts did not induce statistically
significant responses.
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3.3.6 Combining Tertiary Assays to Select Final Hits

Due to the multi-factor nature of mitochondrial biogenesis, data from sections 3.3.4
and 3.3.5 were correlated to each other, to allow for the prioritisation of hits accounting
forincreases in both TOM20 immunofluorescent and mtDNA copy number parameters.
The following selection rules were applied to secondary hits: samples must result in a
TOMZ20 immunostaining intensity reading greater than OR-1 or be present in the top
50%, by rank, in both TOM20 immunostaining intensity and mtDNA copy number

parameters, Fig. 3.12.
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Fig. 3.12. Graphical representation of data correlating immunofluorescent imaging (x) and
mtDNA copy number data (y) in cells incubated in secondary hit relative to no dose controls.
All data has been normalised to readings for no dose controls (red). Hits were assigned
(coloured and enlarged) as per the following selection rules; TOM20 immunostaining
intensity reading greater than the OR-1, or sample present in the top 50%, by rank, in both
TOM20 immunostaining intensity and mtDNA copy number parameters.

Application of these selection rules resulted in the following transposon positive
extracts being identified as hits: 2.1.85, 2.1.92, 2.3.11, 2.4.25, 2.4.90, 3.3.10, 3.3.20,
3.3.59, 3.4.12, 3.4.91. These extracts proceeded to dose-dependent investigations.
The XNAAS5 extract met the above criteria, however, it was discounted from further
WCMR work due to its transposon null status, which was predicted to increase the
variability of subsequent re-cultures. Nanna Therapeutics proceeded with further

investigations into XNAAS extracts.
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3.3.7 Confirmation of Selected Hits Using Dose Response Curves

Hit bacterial extracts, identified in section 3.3.6, were further investigated for dose-
dependent mitochondrial biogenesis effects on fibroblasts using immunofluorescent
imaging. The employment of fibroblasts, as opposed to HelLa cells, allowed for the
quantification of mitochondrial morphology, for example area, due to the more planar
nature of fibroblasts.

Upon receipt of newly produced lyophilised extracts, samples were reconstituted to
one-tenth of their original pre-lyophilised volumes to allow for investigation of higher
relative concentrations. The greatest cell-viable dilution of extracts into culture media
was found to be 1:1, used in previous screens and assays. Cells were not viable when
cultured in extract exclusively, due to a lack of FBS. The concentration of extracts to
10x, followed by a 1:10 dilution in culture media formed the same concentrations of
extract compounds within media as found in extracts (100% relative concentration)
while retaining cell viable levels of culture media nutrients. A two-fold serial dilution
allowed the investigation of 50% (equivalent to the original 1:1 dilution of extracts used
in WCMR flow cytometry screening), 25% (1:3) 12.5% (1:7) and 6.25% (1:15) relative

concentrations.

Mitochondrial density (mitochondrial area normalised to total cell area), mean
mitochondrial mass per cell, mean mitochondrial length and TFAM immunofluorescent
spot count per cell were calculated from immunofluorescent images of fibroblasts
subjected to a 2-fold serial dilution of hit extract, incubated and analysed as detailed in
section 3.3.5 (Fig 3.15-17).

Samples 2.1.82, 2.1.92, 2.3.11, 2.4.25, 2.4.90, 3.3.10, 3.3.20 and 3.3.59 exhibited a
non-linear type dose-dependency for mitochondrial density in the concentration range
investigated. As a trend for these samples, mean mitochondrial density increased from
near DMEM control levels at a relative concentration of 6.25%, to a maximum (approx.
1.3-fold increase) at 25% to 50% relative concentration dependent on sample. Mean
mitochondrial density was observed to universally decrease with extract dosing at a
relative concentration of 100%, from levels observed at 50%. No dose dependency
was observed in samples 3.4.12 or 3.4.91, showing approximately a 10% increase in
mitochondrial density at all investigated relative concentrations.
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Mean mitochondrial mass per cell increased linearly for cells subject to incubation with
extracts 2.1.85, 2.1.92, 2.3.11, 2.4.25, 2.4.90, 3.3.10 and 3.4.12, with the trend
continuing in cells incubated in samples at 100% relative concentration. Extract 3.3.20
showed between a 1.33-fold and 1.48-fold increase in mitochondrial mass per cell
throughout relative concentrations of 6.25-50%, with a further increase to 1.87-fold
increase over DMEM controls at a relative concentration of 100%. A similar trend was

noted with data collected from cells incubated in extracts 3.3.59 and 3.4.91.

Increasing relative concentrations of extracts 2.1.85, 2.1.92, 2.3.11, 2.4.25, 2.4.90,
3.3.10 and 3.4.12 resulted in linear increases in TFAM immunofluorescent stained spot
count per cell. Extracts 3.3.20 and 3.3.59 showed no dose-dependent effects in this
parameter, giving rise to approximately a two-fold increase at all assessed relative
concentrations. A non-linear negative trend is noted in cells dosed with extract 3.4.91.
TFAM immunofluorescent stained spot count per cell increases to 1.82-fold and 2.34-
fold over DMEM control levels at 50% and 100% relative concentrations respectively,

reaching statistical significance in the latter only.
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Fig. 3.13. Graphical representation of mean mitochondrial mass per unit cell area (mitochondrial density)
in cells incubated in hit extract 3.3.20, relative to no dose controls, n=16 images per condition. Each box
within the plot contains a histogram (dark bars) showing the distribution values from individual images.
A solid black line indicates the mean reading from no dose controls (DMEM only), dotted lines indicate
the interquartile range of readings from no dose controls. All data has been normalised to the mean of
no dose control cells and presented as a fold change. Plots for all hit extracts can be found in appendix

C. P<0.001: ***

35
3 —
25 —
) — - =
= °
1.5 \ —i —l E k
o — ...........] ... [ S e seessesens | = o R
05 ook
0
0.00 6.25 12.50 25.00 50.00 100.00
Avg 1 1.44078 1.33154 1.404389 1.48302 1.86587

Fig. 3.14. Graphical representation of mean mitochondrial mass per cell in cells incubated in hit extract
3.3.20, relative to no dose controls, n=16 images per condition. Each box within the plot panels contains
a histogram (dark bars) showing the distribution values from individual images. A solid black line indicates
the mean reading from no dose controls (DMEM only), dotted lines indicate the interquartile range of
readings from no dose controls. All data has been normalised to the mean of no dose control cells and
presented as a fold change. Plots for all hit extracts can be found in appendix C. P<0.001: ***
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Fig. 3.15. Graphical representation of TFAM immunofluorescent stained area per cell in cells incubated in hit extract
3.3.20, relative to no dose controls, n=16 images per condition. Each box within the plot panels contains a histogram
(dark bars) showing the distribution values from individual images. A solid black line indicates the mean reading
from no dose controls (DMEM only), dotted lines indicate the interquartile range of readings from no dose controls.
All data has been normalised to the mean of no dose control cells and presented as a fold change. Plots for all hit

extracts can be found in appendix C. P<0.05: *, P<0.01: **, P<0.001: ***
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Commonly, the greatest increases in mitochondrial density were observed in cells
exposed to 25-50% relative concentration of extract in culture media. Using
mitochondrial density as the primary readout, the optimum concentration of each
extract was identified (maximum fold increase). Various parameters associated with
mitochondrial biogenesis were also measured in cells: mitochondria area per cell,
TOM20 immunofluorescent staining intensity, TFAM spot count per cell and mean
mitochondrial length, Table 3.2 and Fig 3.18. Representative images for each extract

at optimal concentrations are shown in Fig 3.19.

When analysed at their optimal concentrations, all extracts (except 3.4.12 and 3.4.91),
resulted in greater than 1.2-fold increases in mitochondrial density. Extracts 2.1.85,
2.1.92, 2.3.11 and 3.3.20 resulted in greater than 1.3-fold increases. In all cases,
increases in mitochondrial density were accompanied by increases in mitochondrial
mass per cell. All extracts yielded highly significant (P<0.001) increases in TOM20
immunostaining intensity.

Table 3.1. Fold changes in mitochondrial parameters in cells treated with hit mitochondrial biogenesis

inducing samples, at optimal relative concentrations, as determined by maximal fold increases in
mitochondrial densities.

Fold Increase Relative to No Dose Controls
Relative. ) )
Eirect Concﬁélt)ratlon Mitg‘;ﬁ‘;?t?/”a' MII:/(I)::S r;i?al Fll]-c?rg/ls?_:gnt TCFQJI\:’(SpF()a?t Mitol\élr?c?r?drial
Cell Intensity Cell Length
2.1.85 50.0 1.30 1.49 1.78 1.88 1.16
2.1.92 25.0 1.35 1.28 1.77 1.76 1.12
2.3.11 25.0 1.33 1.33 1.71 1.91 1.12
2.4.25 50.0 1.28 1.48 1.76 1.94 1.15
2.4.90 12.5 1.28 1.25 1.81 1.76 1.16
3.3.10 12.5 1.24 1.26 1.84 1.69 1.12
3.3.20 12.5 1.30 1.28 1.73 1.92 1.08
3.3.59 12.5 1.26 1.32 1.64 1.82 1.08
3.4.12 25.0 1.12 1.21 1.73 1.61 1.00
3.4.91 25.0 1.12 1.18 1.62 1.58 1.04
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To prioritise extracts from which to first isolate active compound(s), data from table 3.2
was normalised to relative concentration for each extract, to give a figure of the
efficiency of each extract dose in inducing mitochondrial biogenesis. Extracts were
sorted for maximum fold increase for each mitochondrial parameter, relative to the
concentration required, and issued a score from 10 to 1 according to their rank order.
Rank scores were summed and taken as a percentage of the available score of 50 (10
per measured parameter), table 3.3.

Table 3.2. Rank scoring of hit mitochondrial biogenesis extracts to facilitate sample prioritisation for

further work. Extracts presented in rank order, from most to least effective when normalised to
concentration required for maximal fold increase in mitochondrial density.

Extract | 3.3.20 | 2.4.90 | 3.3.10 | 3.3.59 | 2.1.92 | 2311 | 3.4.12 | 3.4.91 | 21.85 | 2.4.25

Rank

Score (%) 90 86 82 82 56 52 40 32 18 12

While all extracts yielded significant increases in mitochondrial density, mitochondrial
mass per cell and TOM20 immunofluorescent stained intensity, samples 2.4.90,
3.3.10, 3.3.20 and 3.3.59 gave rise to the greatest increases in these parameters when
the relative concentration of extract required was controlled for. These extracts were
prioritised for further investigations.

This increased efficacy of these extracts, when compared to other confirmed
mitochondrial biogenesis hit extracts, could be due to two factors. The concentration
of an active compound is increased within these particular extracts relative to others,
or these extracts contain one, or multiple, unique compound(s) not present in others.
The identities of any compounds within these extracts responsible for inducing
mitochondrial biogenesis remain unknown as further work is carried out by Nanna

Therapeutics.
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Fig. 3.16. Graphical representations for mitochondrial density (pale green), mitochondria area per cell (dark
green), TOM20 immunofiuorescent intensity (grey), TFAM spots per cell (red) and mean mitochondrial
length (blue) in cells dosed with sample at optimum relative concentrations of each extract. All data are
presented as a fold change from cells culture in DMEM culture media only (no dose controls), the mean of

which is represented by a horizontal black line at y=1. A) 2.1.85, 50%. B) 2.1.92, 25%. C) 2.3.11, 25%. D) 2.4.25, 50%.
E)2.4.90, 12.5%. F) 3.3.10, 12.5%. G) 3.3.20, 12.5%. H) 3.3.59, 12.5%. 1) 3.4.12, 25%. J) 3.4.91, 25%. P<0.05: *, P<0.01: **, P<0.001:
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Nuclei TOM20 F-Actin TFAM Merge

No Dose
Control

2.1.85
50% Relative
Concentration

2.1.92
25% Relative
Concentration

2.3.11
25% Relative
Concentration

Fig. 3.17. Representative images for mitochondrial biogenesis hit extracts, at their optimum relative
concentrations as indicated. Nuclei (blue), TOM20 (green), F-Actin (orange) and TFAM (red). Image display
settings optimised for extract 2.1.85 and applied universally across all images — including DMEM controls. Image
display settings were not optimised to untreated controls as doing so gave rise to over saturation of the TOM20
channel in images of extract dosed cells. Scale bar = 20pm.
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Nuclei __TOM20 F-Actin TFAM | Merge

2.4.25
50% Relative
Concentration

20 pm
—

2.4.90
12.5% Relative
Concentration

3.3.10
12.5% Relative
Concentration

3.3.20
12.5% Relative
Concentration

Fig. 3.17, continuned. Representative images for mitochondrial biogenesis hit extracts, at their optimum relative
concentrations as indicated. Nuclei (blue), TOM20 (green), F-Actin (orange) and TFAM (red).
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Nuclei TOM20 F-Actin TFAM Merge

3.3.59
12.5% Relative
Concentration

3.4.12
25% Relative
Concentration

3.4.91
25% Relative
Concentration

Fig. 3.17, continued. Representative images for mitochondrial biogenesis hit extracts, at their optimum relative
concentrations as indicated. Nuclei (blue), TOM20 (green), F-Actin (orange) and TFAM (red).
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3.4 Discussion

3.4.1 Development of an Assay Pipeline for the Assessment of Mitochondrial
Biogenesis

The term mitochondrial biogenesis is yet to be appointed a clear definition and
constitutes multiple factors; hence it was necessary to quantify as many associated
parameters as practically possible. Due to the variety of parameters associated with
mitochondrial biogenesis, the use of a single assay or screen is not viable. Hence the
aim of the project was to design a series of experiments, beginning with HTS
compatible work, to successively triage active samples as they progressed along the
assay pipeline.

Primary screening assessed membrane potential (TMRM) and subsequent secondary
screening corroborated these results, by measuring mitochondrial mass through the
use of m-GFP. While not suitable for HTS, gPCR has been employed as a multi-well
plate compatible measure of mtDNA copy number. Increases in mitochondrial DNA
(mtDNA) copy number per cell are indicative of increases in mitochondrial mass within
the cell. This can be as a result of increases in mtDNA content per unit mitochondrial
mass or increases in mitochondrial mass, while the density of mtDNA within
mitochondria remains constant. Both situations necessitate mtDNA replication.

Increases in mtDNA are widely used in the literature to make claims of mitochondrial
biogenesis (Lin et al., 2002, Wu et al., 2002, Nisoli et al., 2005, Nisoli et al., 2003,
Schreiber et al., 2004, Davis et al., 2009, Dillon et al., 2012, Zhao and Pu, 2019).
Elevated mtDNA copy number does not, however, necessitate increases in mtDNA
transcription or overall mitochondrial activity. Increases in mtDNA transcription indicate
an increased demand for mitochondrial complex biogenesis, itself a vital component
of complete mitochondrial biogenesis. Quantification of transcription rate is an
appealing prospect in mitochondrial biogenesis assays; however, no rapid multi-well
plate assay currently exists for the assessment of mtDNA transcription rate. The cost
of current transcriptomic analysis techniques precludes their use in the assessment of

large numbers of samples.

Increases in mean TOMZ20 immunofluorescent staining intensity can also be
considered indicative of mitochondrial biogenesis, due to the implication of increased
protein import into the mitochondria from the cytosol. The majority of mitochondrially
targeted subunits in the cytosol are rapidly imported into the mitochondria via the pre-
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sequence pathway through the TOM complex (Nickel et al., 2019). Increases in
mitochondrial pre-sequence protein import rate have been linked with mitochondrial
biogenesis (Takahashi et al., 1998). If the basal import capacity is exceeded, as a
result of increases in the expression of mitochondrially targeted proteins, it is plausible
that cells may increase the expression of mitochondrial import machinery complexes.
This satisfies the higher demand for mitochondria subunits, which occurs during
mitochondrial biogenesis.

It is noted that fold increases of TOM20 immunofluorescent staining intensity were
lower than those noted in qPCR experiments, exhibiting a maximum increase of 1.31-
fold compared to a maximum observed 4.72-fold increase in mtDNA levels (note
different samples gave rise to these two maxima). This difference can be explained by
the fact that, once replication is initiated, a new daughter strand of mtDNA can be fully
synthesised within ninety minutes (Forslund et al., 2018). The quantity of fully
assembled TOM complexes (synthesis and subsequent import and insertion of the
mitochondrial membrane) has been found to significantly increase 1.4-fold in vitro in
skeletal muscle only after 7 days of continual contractile stimulation (Joseph and Hood,
2012). In both gPCR and TOM20 immunofluorescent staining experiments the cells
were exposed to extracts for the same period of time (48 hours), therefore the
increased rate of mtDNA synthesis, over TOM complex biogenesis, would be expected

to yield a larger fold increase from untreated controls.

The application of selection criteria drawing from both gPCR and immunofluorescent
tertiary assays resulted in the selection of the following extracts as hits: 2.1.85, 2.1.92,
2.3.11, 2.4.25, 2.4.90, 3.3.10, 3.3.20, 3.3.59, 3.4.12, 3.4.91 and XNAAS5. Despite
meeting the selection criteria, XNAAS was dropped from the line of investigation, see
section 3.4.2.

Further immunofluorescent investigations showed the co-localisation of increases in
mitochondrial density, area per cel, mean mitochondrial length, TOMZ20
immunostaining intensity, TFAM spot count in the above putative hits, selected for
previously demonstrating increases in m-GFP and TMRM fluorescent signals. The
combination of increases in all of these parameters presents a well-rounded case for

the induction of mitochondrial biogenesis.
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3.4.2 Activity in Untransformed Strains

Despite extracts from transposon null XNAAS meeting the stated selection criteria, it
was not further perused with more in-depth immunofluorescent analysis. This is
because the lack of an inserted transposon renders the production of active
metabolites unreliable, due to the largely conditional expression of bacterial genes.
Furthermore, the lack of a transposon complicates the process of identifying an active
molecule; genome sequencing and subsequent transposon identification allows for the
discovery of the affected gene — which in turn provides information as to the potential
nature of an active compound. XNAAS remains, however, of interest as a potential
natural producer of (a) compound(s) capable of influencing mitochondrial biology in

mammalian cells.

The identification of effects on mammalian mitochondrial status in several
untransformed bacterial strains at first seems highly unlikely: TFTH1, DCBB1, WCEC9
and XNAAS increased mtDNA count, the latter two also increased TOMZ20
immunofluorescent stained intensity. However, these strains have only been
investigated because their transformed clones resulted in mitochondrial biogenesis
activity. A species must possess relevant genes in order for them to be affected by
transposon insertion; the transposons serve only to alter the expression of wild-type
genes to reduce the conditionality of compound production. Thus, the presence of

activity in extracts from these particular untransformed strains is not surprising.

The above observations highlight the multi-factor nature of mitochondrial biogenesis.
Samples from species that induce mtDNA count increases, may not necessarily induce
increases in other mitochondrial parameters (DCBB1 for example). It is therefore key
when screening for mitochondrial biogenesis inducers, to assess multiple means of
measuring increases in mitochondrial mass. This ensures that potential leads are not

missed, and sub-optimal leads (or even false positives) are not unduly pursued.
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3.4.3 Maximum Mitochondrial Capacity

It is noted that that mean increases in mitochondrial density, in the current project, tend
to plateau at approximately 1.3-fold increase and do not increase beyond 1.35-fold at
1:1 dilution of extract culture media. Further increasing extract concentrations in cell
media caused a decrease in mitochondrial density relative to 1:1 dilution in all analysed
extracts, and instead raised mitochondrial area per cell, indicating an increase in cell
size (section 3.3.7, Fig 3.15-3.16). It is possible that this response was forced, in order
to accommodate the expanding mitochondrial network. This apparent constraint on
mitochondrial density could have arisen due to a limit on the volume fraction
mitochondria can occupy in a cell, before causing deleterious effects. This theoretical
limit hypothesised to be set at 40% of a cell’s volume, though actual volumes vary with
species and cell type (Vazquez, 2018). Mitochondria occupy 35% of human
cardiomyocyte volume under basal conditions (Anastacio et al., 2014), cardiac tissue
being one of the most energetically demanding, a near-maximal cellular volume

fraction of mitochondria would be expected in cardiomyocytes.

PGC-1a overexpression has been shown to result in cardiac failure (Lehman et al.,
2000, Russell et al., 2004), hypothesised to be due to the physical limitation of
available space for additional mitochondria in the cell (Riehle and Abel, 2012). This
observation could pose a significant obstacle for the development of mitochondrial
biogenesis-based treatments; however, it is worthy of note that genetic expression of
key regulatory transcription factors is not comparable to pharmaceutical intervention,
instead genetic overexpression methods embody an extreme situation. Drug target,
compound efficacy and dose can all be adjusted during pre-clinical investigations to
minimise off-target effects and detrimental outcomes when employing small molecules

as a therapeutic intervention.
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3.5 Future Work

3.5.1 Active Compound Purification

Having identified ten bacterial extracts capable of increasing mitochondrial mass in
mammalian cells, the purification of hit extracts is next required to allow further

progress into lead optimisation stages of a drug discovery pipeline.

Chromatographic techniques will be used to facilitate the separation of hit extract
components into individual fractions, followed by their phenotypic characterisation.
Due to extracts containing a wide variety of compounds, ranging from inorganic salts
to large biomolecules, and the unknown character of these compounds, the
optimisation of separation techniques to specific molecules is not viable. There is a low
probability that salts and small biomolecules, such as simple sugars, are the active
components. Therefore, the dialysis of large volumes of each extract, through small
molecular weight exclusive semi-permeable membranes, is recommended to reduce
analyte load on chromatography columns. Size exclusion chromatography presents as
a means of separating analyte species regardless of chemical properties, and thereby
minimises permanent binding of an analyte to the stationary phase. All fractions from
such columns should be collected, to avoid unknowingly discarding active fractions.
This method, therefore, yields a large number of fractions that essentially form an

additional library requiring further phenotypic screening.

Once purified methods to quantify mitochondrial activity, such as Seahorse
extracellular flux analysis, will be used. These methods were specifically reserved for
the latter stages of drug development due to their high cost, high variability and
incompatibility with high throughput work.

3.5.2 Identification of Active Compounds

All fractions obtained by separation techniques, suggested in 3.5.1, will be subject to
high throughput analysis of their effects on mitochondrial mass. This screening effort
is analogous to the work detailed in this chapter, using purified compounds from hit
extracts as opposed to bacterial extracts, thus each extract forms its own library. This
process can then be repeated, using hit fractions as chromatography analytes, until a
pure compound is obtained. It is proposed that hit compounds will be identified and
their structures elucidated using a combination of mass spectrometry and H'/C'3

nuclear magnetic resonance spectroscopy.
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3.5.3 Mechanistic Elucidation

Mechanistic elucidation of hit compounds requires the identification of a binding target
in the cell for the hit compound. This can be achieved through two methods:

Knockdown and Knockout Library Techniques

Genetic screening using siRNA or CRISPR methodologies relies on the significant
reduction (knockdown), or removal (knockout) respectively, of potential target proteins
from the cell by genetic means. Negative screening methods can then be applied with
the goal of identifying a gene that is required for a compound to elicit its function;
denoted by a loss of mitochondrial biogenesis upon extract dosing in cells, which do
not express the required protein targets. While this is a comprehensive method, which
is scalable to cover the entire genome, should a compounds’ mechanism of action
implicate any proteins which are essential for cell viability, a loss of function would be
conflated with cell death and not detected. The ability to generate hypotheses
regarding potential targets can significantly lower the financial cost and the amount of
time spent on such work. For example, if the molecular structure of a lead compound
resembles a known drug, for example a kinase inhibitor, carrying out a siRNA screen
of the kinome is a feasible means of beginning mechanistic investigations into the

novel lead compound.

Protein Pulldown

Protein pulldown experiments are reliant on both high drug-target specificity and high
drug-target affinity, as well as a completely characterised chemical structure of the lead
compound in question. The latter is required to identify a suitable site to which a highly
specific ligand can be attached — for example a biotin group — without inhibiting the
ligand-target interactions to maintain activity. Once such a derivative is identified, cells
can be incubated with a biotinylated derivative, to facilitate drug-targeting binding of
the lead compound. Cell lysate from these cells can then be incubated with stationary
phase—streptavidin immobilised on a membrane in the case of a biotin ligand. Several
washes of the station phase with solvent removes non-specific binding, such that only
the biotinylated compound and its direct binding partners are retained. Protein mass
spectrometry can then be employed to identify the bound protein(s). The protein hits
can then be confirmed as essential for compound activity through the use of siRNA
knockdown or applying a highly potent and specific known inhibitor (if available), in a
negative assay seeking to identify a loss of compound activity.
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3.6 Conclusion

The identification of ten bacterial culture extracts capable of inducing dose-dependent
increases in multiple parameters associated with mitochondrial biogenesis, marks the
beginning of wider investigations into the prospects of using mitochondrial biogenesis
as a treatment for mitochondrial disease.

Functional investigations are yet to be carried out on cells dosed with the identified hit
extracts. In the future it is suggested at extracts are investigated using models of
nuclear mitochondrial diseases in the form of cell types implicated with the common
symptoms of mitochondrial disease — for instance iPSC derived patient neurones or
primary patient myoblasts differentiated to myotubes. Therapeutic molecules which
can penetrate the blood-brain barrier are envisaged to be of greater therapeutic value
compared to those that cannot, however, without an identified lead from the afore
mentioned bacterial extracts, hypothesises cannot be formed regarding chemical
properties. Regardless, due to the vast unmet clinical need associated with
mitochondrial disease patients, the amelioration of non-neurological symptoms would
still significantly enhance the quality of life of these patients.

In lew of functional data and compound identity, conclusions as to the potential
therapeutic viability of the active compounds within the aforementioned bacterial
extracts cannot be made. The collaboration between WCMR and Nanna Therapeutics

has since concluded.
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Chapter 4:

Therapeutic Prospects of Mitochondrial Turnover
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4.1 Introduction

Two prominent novel hypotheses for the treatment of mitochondrial disease are
centred on expanding the mitochondrial network through mitochondrial biogenesis
(Komen and Thorburn, 2014, Lightowlers et al., 2015, Ploumi et al., 2017) or selective
mitophagy (Paz et al., 2016, Sharma et al., 2019, Lin et al., 2019). Both are introduced
in section 1.9.4.

As outlined in section 3.1.1, the use of mitochondrial biogenesis as a treatment is
dependent on the assumption that the residual activity of mitochondrial complexes,
affected by pathogenic mutations, is sufficient to meet cellular needs after
mitochondrial biogenesis induction. The absence of negative side effects, as a result
of increasing the amount of dysfunctional mitochondrial material in cells, is also an
important assumption. A significant concern is one of excess ROS accumulation as a
result of dysfunctional electron transport. The master regulator of mitochondrial
biogenesis (PGC-1a) indirectly upregulates the transcription of genes for multiple
antioxidant enzymes: SOD1, 2, catalase and glutathione peroxidase, which is
hypothesised to mitigate against increases in ROS (Dong et al., 2008, Wallace et al.,
2010).

Similarly, the use of mitophagy stimulation as a treatment is dependent on the
assumption that a means of targeting mitophagy to dysfunctional mitochondria will be
pharmacologically viable. The exploitation of the membrane potential dependent
PINK1/Parkin mitophagy pathway is one option (outlined in section 1.5.2). In contrast
to mitochondrial biogenesis, mitophagy is limited as a treatment for heteroplasmic
primary mitochondrial disease cases (see section 1.8.1). The degradation of
mitochondria in heteroplasmic primary disease cases gives the opportunity to target
dysfunctional mitochondria, and thereby those areas associated with mutant mtDNA.
The degradation of mitochondrial material in the case of nuclear mitochondrial gene
pathologies, or homoplasmic mtDNA mutations, would not result in phenotypic

improvement as the dysfunction is present ubiquitously across all mitochondria.
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To date, no small molecule has been generally accepted to cause mitochondrial
proliferation. Deferiprone, however, is a positive control for the induction of mitophagy,
though its action results in the indiscriminate degradation of mitochondria, regardless
of the presence or absence of dysfunction (lvatt and Whitworth, 2014, McWilliams et
al., 2016b). Multiple pathways for the induction of mitophagy are known, summarised
in 1.5.2, which provide possible targets for future drug development projects.

Mitophagy can be quantified through the fluorescent imaging of cells expressing the
recently developed mito-QC probe, which consists of an mCherry-GFP fusion protein,
linked to the MOM targeting sequence of FIS1 (residues 101-152) (McWilliams et al.,
2016b). The tandem fluorescence of mCherry and GFP produces merged yellow
fluorescence in mitochondria. Mitochondria subject to lysosomal degradation
(mitophagy) exhibit red fluorescence only in merged channel images, as GFP
fluorescence is rapidly quenched due to the acidic environment of the lysosome. As a
result, the quantification of mitophagy positive red puncta in fluorescent images is
indicative of the amount of mitophagy occurring in a cell (McWilliams et al., 2016b,
Bell, 2020).

Imaging Individual
Channels

MitoQC Construct @ Merge - Basal Merge - Mitophagy
FIS1

Fig. 4.2. A representation of the mechanism of mitoQC fluorescent imaging. The mitoQC construct
contains the fluorophores mCherry and GFP, fused to a FIS1 MOM targeting sequence. Fluorescence
appears yellow in merged channel images when mitochondria are under basal conditions. When
undergoing mitophagy, mitochondria appear read in merged channel images due to the quenching of
GFP fluorescence in the acid environment of the lysosome.

The identification of ten bacterial culture extracts capable of increase total
mitochondrial mass in mammalian cells, chapter 3, provides a unique opportunity to
assess the interplay of the two antagonistic processes that control cellular
mitochondrial content. Any remaining samples from biogenesis screening
investigations (chapter 3), of sufficient volume, were used for further investigations

using Mito-QC analysis: 2.1.85, 2.1.92, 2.3.11, 2.4.25, 2.4.90, 3.3.10 and 3.4.12.
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4.2 Aims

This project aims to further investigate the effect of candidate mitochondrial
proliferators on mitophagy. Mito-QC analysis of fibroblasts will be used to quantify
mitophagy positive puncta, in fibroblasts treated with bacterial extracts capable of
inducing net increases in mitochondrial mass, identified in chapter 3.

Readouts from the experiment are indicative of a general mechanism of action of the
extracts. Given the nature of the extracts, possible actions include mitophagy
inhibitors, mitochondrial biogenesis inducers (indicated by no reduction in mitophagy
as measured by this assay) or a combination of the two in which a net gain of cellular

mitochondrial mass is achieved.
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4.3 Results

To assess the mitophagic effects of bacterial extracts, shown previously to induce
increases in net mitochondrial mass in mammalian cells, mitoQC analysis was
employed to facilitate the quantification of mitochondrial material within

autophagosomes (mitophagy positive spots).

The mitoQC probe results in all mitochondrial material exhibiting red mCherry signal.
Mitochondria outside of autophagosomes also exhibit green GFP signal. Due to acidic
quenching of GFP fluorescence, GFP signal intensities are significantly lower than
mCherry signal intensities within mitochondria activity undergoing mitophagy. A ratio
of mCherry/GFP signal was calculated for all mCherry spots (total mitochondrial area).
An elevated mCherry/GFP ratio indicates a mitochondrial punctum within an
autophagosome; termed mitophagy positive. The classification of “mitophagy positive”
was made using a threshold of puntreated*10untreated; @aNy MCherry spots exceeding this
mCherry/GFP ratio were designated mitophagy positive. This threshold was applied to
cells treated with bacterial extracts, Fig. 4.2.

The number of mitophagy positive puncta was taken as a percentage of the total
number of puncta to give the final readout of % mitophagy:

Number of mitophagy
positive mitochondrial spots

% Mitophagy = X100

Total number of
mitochondrial spots

Treatment of mitoQC expressing fibroblasts with bacterial extracts, previously
demonstrated to increase mitochondrial mass, triggered decreases in % mitophagy in
comparison to untreated cells, Table 4.1. Analysis was conducted as a pilot experiment
in a single well per extract due to the limited availability of extracts, at the time of the
analysis, as such significances of the changes in % mitophagy cannot be calculated.
Table 4.1 further relates the mitoQC data to the mitochondrial density, and mass per
cell, changes observed in chapter 3 (3.3.7).
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Table 4.1. The effects of selected mitochondrial biogenesis inducing bacterial extracts on mitochondrial
density (section 3.3.7) and % mitophagy in fibroblasts. Data acquired at a relative concentration of 50%

(1:1 dilution of stock extract in culture media) presented as fold change from untreated controls.

Sample Mitochondrial Density Mitochondria Mass/Cell | % Mitophagy (Fold Change)
2.1.85 1.30 1.49 0.24
3.3.10 1.18 1.26 0.36
2.4.90 1.22 1.25 0.37
3.4.12 1.08 1.21 0.37
2.3.11 1.32 1.52 0.38
2.4.25 1.28 1.48 0.67
2.1.92 1.35 1.28 0.74
Control 1.00 1.00 1.00
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Fig. 4.2. Graphical representation (frequency histogram) displaying the mCherry/GFP signal ratios of mCherry spots, in MitoQC
expressing fibroblasts treated with bacterial extracts capable of increasing net mitochondrial mass. Vertical black lines in each plot
represent untreated (DMEM only) mean (Juntreatea) mMCherry/GFP ratio, at 0.21 mCherry/GFP ratio, and this mean reading plus 1 standard
deviation (Uuntreated* 10untreated), at 0.27 mCherry/GFP ratio. Any mCherry spots exhibiting a ratio in excess of the puntreated* 10untreated
threshold was designated mitophagy positive. A decrease in the number of mCherry spots exhibiting mCherry/GFP ratios in excess of
Muntreated+ 1 Ountreated denote a reduction in the levels of mitophagy in response to treatment.
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No Dose Control 2.1.85 3.3.10

2.1.92 3.4.12 2.4.90

2.3.11 ‘ 2.4.25

Fig. 4.3. Representative images of MitoQC expressing fibroblasts treated with bacterial extracts,
capable of increasing net mitochondrial mass. Images presented are merges of mCherry and GFP
fluorescent channels, to allow for the visualisation of mitophagy positive spots within cells. Yellow:
stable mitochondria. Red: mitochondria undergoing mitophagy. Scale bar = 20um.
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4.4 Discussion

4.4.1 Mechanistic Implications for Mitochondrial Biogenesis Inducing Extracts

Mitochondrial biogenesis and mitophagy are antagonistic processes, used for both the
quality control and morphology maintenance of mitochondria, under basal conditions.
While the net effect achieved by each of the investigated bacterial extracts was an
increase in mitochondrial quantity, this can be achieved through two major pathways:
increasing the rate of mitochondrial biogenesis to outpace the basal rate of mitophagy
or inhibiting mitophagy such that the basal rate of mitochondrial biogenesis exceeds it.
A combination of these two pathways is also theoretically possible. It is important to
note that definitive conclusions regarding the mitophagy effects of the analysed
bacterial extracts in the pilot experiment presented above cannot be drawn, since this
experiment was conducted with a single biological replicate per condition, due to a lack
of extract availability. Nevertheless, observations from the analysis are discussed

below.

Extracts 2.1.85 and 2.1.92 originate from the same sample plate and both repressed
mitophagy, but to different extents. Of the extracts analysed, treatment with 2.1.85
caused fibroblasts to gain 30% and 49% increases in mitochondrial density and mass
per cell respectively, section 3.3.7, Fig. 3.13-3.16. From mitoQC analysis, 2.1.85
reduced the rate of mitophagy by 76% relative to untreated controls. It could therefore
be hypothesised that 2.1.85 treatment acts to inhibit mitophagy to a greater extent than
other extracts, rather than upregulate mitochondrial biogenesis. This conclusion can
be drawn because extract 2.1.92 demonstrated similar mitochondrial density increases
(+35%); however, it repressed mitophagy by only 26% relative to untreated controls.
Similarly, extract 2.4.25 suppressed % mitophagy by 33% relative to untreated
controls, but induced 28% increases in mitochondrial density. Therefore, it could be
concluded that large reductions in mitophagy rate are not essential for increases in
mitochondrial mass but may also contribute to a rise in cellular mitochondrial content.
Further, it is plausible to hypothesise that extract 2.1.85 contains one (or more) active
compound(s), which act primarily as a mitophagy inhibitor(s) rather than a
mitochondrial biogenesis inducer(s). Similarly, extract 2.1.92 can be hypothesised to
act primarily as a mitochondrial biogenesis inducer, with lesser suppression effects on
mitophagy.
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Extracts 2.3.11, 2.4.90, 3.3.10 and 3.4.12 originate from different sample screening
plates; however, they share an untransformed wild-type species — TFTH1 — as
determined by genetic sequencing carried out at Nanna Therapeutics (data not
shown). In the investigations of chapter 3, untransformed TFTH1 extract treatment
increased mtDNA count per cell by 1.44-fold in HelLa cells (section 3.3.4) but did not
cause statistically significant increases in mean TOM20 immunofluorescent signal
cells (section 3.3.5). The analysed TFTH1 transposon positive extracts all exhibited
similar reductions in % mitophagy, relative to untreated controls: approximately a 0.37-
fold change. While extracts from wild-type TFTH1 were not analysed using mitoQC
methods, the consistency of transposon positive extracts in reducing % mitophagy
alludes to this characteristic potentially originating from the wild-type strain. The hit
bacterial extracts, capable of increasing mitochondrial mass (2.3.11, 2.4.90, 3.3.10
and 3.4.12), from TFTH1 all exhibited increased TOM20 immunofluorescence in
section 3.3.7 and (with the exception of 3.4.12) increased mtDNA copy number. It is
therefore hypothesised that extracts 2.3.11, 2.4.90 and 3.3.10 retain the assumed
mitophagy suppression characteristics of the wild type TFTH1 and, due to the
transposon mutagenesis, also produce metabolites associated with the induction of
mtDNA replication.

In the presence of extensive mitophagic inhibition only, it may be expected that a cell
would act to retain basal levels of mitochondria, with no change in TOM20 or TMRM
intensity, by down-regulating mitochondrial biogenesis pathways to maintain
mitochondrial homeostasis (Palikaras et al., 2015). A degree of MB induction triggered
by drug treatment, as opposed to solely mitophagy inhibition, may be essential to
overcome the homeostatic tendencies of a cell. Activation of PGC-1a associated
transcription factors, such as NRF-1, 2 and PPAR receptors, would also be required
to facilitate increases in TMRM and TOM20 fluorescent intensities as well as the TFAM
spot count increases noted in 3.3.3 and 3.3.7, respectively. It can therefore be
concluded that the bacterial extracts are not solely acting through the suppression of
mitophagy, nor are they completely arresting the process. This data shows that
reductions in the rates of mitophagy may contribute to the increases in mitochondrial
mass, but large reductions in mitophagic activity are not required for significant
increases in mitochondrial mass — as such to view mitochondrial biogenesis and

mitophagy as antagonistic is an oversimplification.
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4.4.2 Mitochondrial Biogenesis and Mitophaqy in Future Therapeutic Developments

Analysis of the above extracts show that an increase in mitochondrial mass can be
accompanied by reductions in the rate of mitophagy, though this effect may not be
universal due to the limited number of extracts tested and the low replicate number in
this analysis. The low replicate count was necessitated due to the limited availability of
extracts. While the current project has established a link between increases in
mitochondrial mass and reductions in the amount of mitophagy, a causative
relationship cannot be proven or precluded. In support of the hypothetical link between
MB and suppression of mitophagy with extract treatment is evidence that SIRT1
activation, known to induce mitochondrial biogenesis (section 1.5.1), has been shown
to reduce autophagic degradation (Lee et al., 2008). Furthermore, increases in NRF-2
transcriptional activity facilitates the degradation of Drp1 (Sabouny et al., 2017),
pushing the mitochondrial network towards a fused state, which is incompatible with
mitophagy (Das and Chakraabarti, 2020). In contrast, a second well characterised
stimulator of MB, AMPK activation, is implicated with increases in mitophagic activity
(Palikaras et al., 2015). A loss of ULK-1, a downstream target of AMPK - activated
upon by phosphorylation by AMPK, results in a loss of mitophagic function and
accumulation of mitochondria in erythrocytes, which are normally devoid of
mitochondria (Egan et al., 2011).

Mitochondrial network fusion is associated with increased network activity (Mitra et al.,
2009), while an increase in fission is associated with obesity and elevated ROS
production (Gomes et al.,, 2011, Liesa and Shirihai, 2013). Mitochondrial network
hyper-fusion brought about by mDivi-1 treatment, an inhibitor of Drp1 (Cassiday-Stone
et al., 2008), reduces mitophagic degradation (Das and Chakraabarti, 2020), but also
reduces mitochondrial activity in healthy cells (Qian et al., 2014). mDivi-1 has now
been shown to be linked with CI inhibition (Bordt et al., 2017). As such, the hyper-
fusion brought about by mDivi-1 treatment does not present as a suitable positive
control for treatment development. Further, the mitophagic inhibition induced by
liensinine treatment employs the inhibition of lysosomal degradation of mitochondria,
rather than preventing engulfment of mitochondrial material (Zhou et al., 2015). As
such, if analysed by mitoQC methods, despite no decrease in mitochondrial material
in the cell, the method would quantify mitophagy positive puncta as a result of the
quenching of mGFP fluorescence in the lysosome. Therefore, liensinine was not used
as a positive control for mitophagy inhibition.
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The increased mean mitochondrial length brought about by bacterial extract treatment
(section 3.3.7), is indicative of increased mitochondrial network fusion. This impact
alone could result in a decrease in mitophagy, due to mitochondrial puncta being the
only suitable target for mitophagy as a result of their reduced volume. This, however,
does not fully explain the wide range of effects on % mitophagy noted in this mitoQC

analysis.

The aetiology of primary mitochondrial diseases, those brought about by pathogenic
mutations in mMtDNA, is closely linked to the level of heteroplasmy, with a threshold
beyond which a phenotype presents in each case (section 1.7.1). Cases subject to
heteroplasmy contain a population of wild-type mtDNA. Nanoscopy has shown that
mtDNA molecules reside in compartments surrounded by cristae, as opposed to being
evenly spread throughout the network (Stephan et al., 2019). Despite rapid and
dynamic re-modelling of cristae (Kondadi et al., 2020), they remain functionally distinct
from their neighbours (Wolf et al., 2019). Mitochondrial dysfunction often results in a
reduction in membrane potential, relative to wild-type controls (McKenzie et al., 2007,
Szczepanowska et al., 2012). Therefore, it follows that areas of a mitochondrial
network containing mutant mtDNA will present with a lower membrane potential, as a
result of dysfunction brought about by the expression of pathogenic mtDNA in the
locality — due to the close association of mtDNA, mitochondrial RNA granules and
mitoribosome assembly and translation (Pearce et al., 2017). Areas of reduced
membrane potential are inducers for mitochondrial fission, leading to the loss of
affected mitochondrial region from the remaining network, forming mitochondrial
puncta that become targets for mitophagic degradation (Wikstrom et al., 2009, Twig
and Shirihai, 2011). Imaging in live cells has demonstrated that fissile mitochondria
divide to fall within two distinct categories, those which divide towards the periphery of
a network or towards the mid-section (Kleele et al., 2021). Peripheral division has been
shown to result in the localisation of Parkin and subsequent recruitment of
autophagosomes to the smaller ‘daughter’ mitochondrion, while divisions which occur
more centrally in ‘parent’ mitochondria do not result in ‘daughters’ that undergo
mitophagy (Kleele et al., 2021). Peripheral divisions were further shown to occur to
remove sections of mitochondrial material, from the larger network, which display a
reduced membrane potential and increased ROS levels (Kleele et al., 2021) — features

prominent in mitochondria subject to mtDNA mutations.
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It is therefore proposed that retaining a degree of mitophagic activity during treatment
that results in a net increase in mitochondrial mass, has the potential to gradually
eliminate mutant mtDNA while increasing the total mtDNA pool. The combined actions
of MB and mitophagy could potentially induce a heteroplasmy shift towards a lower
percentage heteroplasmy value. In certain cases, the shift may only need to be minor

to cross a pathogenic threshold to ameliorate a patient’s symptoms.

In cases of mutant mtDNA homoplasy, and mutations in nuclear-encoded
mitochondrial genes, no such shift is possible. Nevertheless, the total increase in
mitochondrial material (and thereby theoretical capacity) still carries significant
therapeutic potential (Schon et al., 2010, Komen and Thorburn, 2014, Lightowlers et
al., 2015, Ploumi et al., 2017).
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4.5 Conclusion

Application of the bacterial extracts, which trigger net increases in mitochondrial mass
in mammalian cells, resulted in mitoQC fibroblasts exhibiting suppressed rates of
mitophagy, relative to untreated controls. The literature surrounding known MB
induction pathways suggests mitophagic modulation is linked to likely targeted
pathways. This mitoQC analysis suggests that a correlation between increases in
mitochondrial mass and decreases in mitophagy may exist. It does not, however,
provide evidence that suppression of mitophagy rate is essential to trigger increases

in total mitochondrial mass.

Retaining a degree of mitophagic activity during MB induction, presents as a
hypothetical means of inducing a heteroplasmy shift, in heteroplasmic primary
mitochondrial disease cases.

Investigations into mitochondrial biogenesis, and its relationship with mitophagy, as a
treatment for mitochondrial dysfunction continue at WCMR. The collaboration between
Nanna Therapeutics and WCMR was ended shortly after the findings presented in this
chapter were made, precluding further investigations of the bacterial extracts at
WCMR.
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Chapter 5:
Development of an Immunofluorescent Method for Mitochondrial

Defect Quantification and Phenotypic High Throughput Screening
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5.1 Introduction

5.1.1 Complex | and Complex IV Deficiency in Mitochondrial Disease

Biochemical defects, as a result of mitochondrial disease, are characterised by an
impairment in a cell’s ability to generate catalytically functional complexes (Fassone
and Rahman, 2012). The most common biochemical defect among mitochondrial
disease patients is mitochondrial complex | (CI) deficiency, amounting to
approximately 25-35% of disease cases (Swalwell et al., 2011, Nouws et al., 2012).
Deficiency can arise from either a reduction in the catalytic efficacy of mitochondrial
complexes, or in an impairment in complex assembly, or a combination thereof.
Biochemical defects in mitochondrial complex IV (CIV) are also common in
mitochondrial disease patients, accounting for approximately 15% of Leigh Syndrome
cases (Lake et al., 2016). CIV deficiency is most commonly caused by mutations in
SURF1, a CIV assembly factor (Wedatilake et al., 2013). Phenotypes combining CI
and CIV deficiencies are also commonly observed. The most widely noted aetiology of
combined Cl and CIV deficiency is tRNA mutation, m.3243A>G, outlined in section
1.7.1, often giving rise to MELAS (Lax et al.,, 2016, Alston et al., 2017); though
combined Cl and CIV defects are also noted in cases of Leigh Syndrome (Lake et al.,
2016).

Due to their high rate of incidence in mitochondrial diseases, targeting Cl or CIV
deficiency, or a combination thereof, for high-throughput assay development presents
an efficient means of identifying novel therapeutics for mitochondrial diseases.

5.1.2 Mitochondrial Complex | Assembly

Mitochondrial complex | is a 970kDa complex, comprised of 45 subunits, with a
dynamic multi-step assembly pathway (Mackenzie and Ryan, 2010, Stroud et al.,
2016). Multiple points of entry for intermediate complexes have been identified,
however, the complex process can be summarised as follows: NDUFS2, 3, 7 and 8
and NDUFAS5 bind in the mitochondrial matrix, forming the Q module. The Q module
binds the MIM bound ND1/TIMMDC1 complex, and recruits NDUFA3, 8 and 13, as a
result of interactions with assembly factors NDUFAF3 and 4 (Sanchez-Caballero et al.,
2016). This results in the anchoring of the Q module to the MIM, leading to an
intermediate denoted as Q/Pr-a (Mackenzie and Ryan, 2010, Stroud et al., 2016,
Guerrero-Castillo et al., 2017).
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Separately, the MCIA complex forms in the MIM from NDUFAF1, ECSIT, ACAD9,
TMEM126B, TMEM186 and COAA1, into which are inserted MT-ND2 and MT-ND3, MT-
ND4L and MT-NDG6 proteins (Formosa et al., 2020). The completed intermediate has
been designated as Pp-b (Guerreo-Castillo et al., 2017). Simultaneously, the ND4
module assembles independently in the MIM from NDUFB1, 5, 10, 11 and MT-ND4
(Pp-a), as does the ND5 module from NDUFB3, 7, 8, 9 and MT-ND5 (Pp-b) (Sanchez-
Caballero et al., 2016, Guerrero-Castillo et al., 2017, Silva-Pinheiro et al., 2020).

The further assembly of the four intermediates, outlined above, into complete Cl has
been shown to proceed dynamically. Q/Pp-a associates with Pp-b, to give the 736kDa
Q/P, intermediate. Pp-b can bind to Pp-a, and subsequently, Pp-b, either before or after
binding to Q/Pp-a to give the 1143kDa Q/P intermediate (Guerrero-Castillo et al.,
2017). The N module (NDUFA2, 6, 7, 11 and 12, NDUFS1, 4 and 6 and NDUFV1-3)
assembles in the mitochondrial matrix, independently of afore mentioned steps, to bind
to the Q module of the Q/P intermediate (Mackenzie and Ryan, 2010, Guerreo-Castillo
et al., 2017). The binding of the N module, and release of all associated assembly
factors, results in the biogenesis of mature 970kDa CI (Stroud et al., 2016, Guerreo-
Castillo et al., 2017).
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Fig. 5.1. The assembly pathway of mitochondrial complex I. (Mckenzie and Ryan, 2010)

5.1.3 Forcing the Presentation of Mitochondrial Disease Phenotypes in vitro

Routinely used cell culture media often contains a high concentration of glucose,
25mM, to ensure sufficient levels of substrate for optimal rates of cell growth. This
concentration of glucose is not physiologically relevant, human serum glucose
concentrations are approximately 5.5mM (Weil et al., 2009). This excess glucose
availability in cell culture gives rise to the Crabtree effect, in which the production of
ATP originates largely from glycolysis (Marroquin et al., 2007). HeLa cells in high
glucose media almost exclusively rely on glycolysis for ATP production (Melser et al.,
2013).
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Incubating cells in culture media in which galactose is the primary carbon source forces
cells to use OXPHOS. The metabolism of a single molecule of glucose, by glycolysis,
results in the net production of 2 ATP molecules. Galactose is slowly converted to
glucose-1-phosphate through the Leloir pathway, which is subsequently converted to
glucose-6-phosphate for oxidation via glycolysis. This process hydrolyses 2ATP to
2ADP, such that the full glycolytic metabolism of one molecule of galactose leads to
no net ATP gain for a cell (Leloir, 1951). Thus, the provision of galactose as the primary
carbon source forces the utilisation of the tricarboxylic acid cycle, mitochondrial
electron transport chain and OXPHOS to produce ATP (Kase et al., 2013). Under these
conditions, wild-type cells have been shown to become more susceptible to
mitochondrial toxins (Marroquin et al., 2007), relative to high glucose media, and
phenotypes of mitochondrial disease patient-derived cells present themselves more
significantly (Rai, 2017). This effect on mitochondrial patient-derived cell lines can be
exploited in vitro during the development of screening methods.

5.1.4 The Complex | Assembly Defect Rescue — MOA2

A compound, here termed Mechanism of Action 2 (MOA2), was originally identified
from a high throughput screen of a small molecule library, provided by the Novartis
Institute for Biomedical Research in Basel - Switzerland. A secondary screen,
assessing mitochondrial network morphology rate recovery post insult, was performed
at The Wellcome Centre for Mitochondrial Research, in which the compound was
redesignated as MOA2 (Rai, 2017). MOA2 was further found to increase the complex
| dependent oxygen consumption rate (OCR) of NDUFS2 mutant fibroblasts (see
section 2.5.1) using seahorse extracellular flux analysis (SEFA) (Rai, 2017). The
concentration of MOAZ2 required for the optimal cellular responses in both phenotypic
rescues was found to be 3uM.

Upon the commencement of this project, MOA2 was hypothesised to improve the rate
of assembly of Cl in NDUFS2 mutant fibroblasts, however, the target and mechanism

of action of MOA2 remained unknown.

The structure of the compound has been withheld to preserve the intellectual property

surrounding the compound.
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5.2 Aims

5.2.1 Development of a novel high-throughput screening method for the

detection of Phenotypic Improvement of Cl Deficiency

This project will explore the quantification of complex | deficiency in a cell line model
of mitochondrial disease. It will focus on two previously established in vitro phenotypes
of an NDUFS2 mutant cell line: failure to thrive in galactose media and deficiencies in
fully assembled mitochondrial complex |. The project aims to develop and optimise a
protocol, based on the above phenotypes, for the high throughput screening of
compound libraries. The goal of the project is to facilitate the future discovery of novel
lead candidates for drug development.

The project also seeks to contribute to the characterisation of the phenotypic
improvement of two mitochondrial disease model cells lines, when treated with a lead

compound of pharmacological interest — MOAZ2.

5.2.2 Application of IF Technoloqgy and Single Cell Level Microscopy to

Mitochondrial Disease Diagnosis

Immunocytochemical analysis has a precedent for use in mitochondrial disease
diagnostics in a qualitative manner (Hanson et al., 2002), though the employment of
automated data processing has not yet been explored. The current project seeks to
apply modern high-throughput imaging and data analysis technology to the phenotypic
assessment of mitochondrial disease patient-derived cells lines. It is envisioned that,
with additional validation, such a method could circumvent the requirement for muscle
biopsies and more easily facilitate the tracking of disease progression; or improvement
with yet to be developed therapeutics.
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5.3 Results
5.3.1 Galactose Growth Assay

The NDUFS2 mutant fibroblast cell line had previously been shown to fail to thrive in
cell culture media with galactose as the carbon source (Rai, 2017). To assess whether
this in vitro phenotype could be exploited for HTS, NDUFS2 fibroblasts were subjected
to growth rate analysis in 96 well plates using an IncuCyte Live system (Essen
Biosciences).

Cells were initially seeded in multi-well plates in glucose media and allowed to adhere
to the well and proliferate for 48 hours. All media was then refreshed — one-third
received standard DMEM cell culture media, one-third received galactose media and
the final third received galactose media containing 3uM MOA2. Due to the unknown
mechanism of action of MOA2 (in that MOA2 could be acting as a low potency
inhibitor), media and treatment were renewed at 72-hour intervals to ensure sufficient

availability of substrates and drug.

179



Efffect of MOA2 on the Growth of NDUFS2 Mutant Fibroblasts Cultured in Galactose Media
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Fig 5.2, Confluences changes of NDUFS2 mutant fibroblasts cultured in galactose media in the
presence and absence of MOA2 treatment. A) Confluence of NDUFS2 mutant fibroblasts in
glucose media and galactose media - with and without 3uM MOA2 over a 360 hour period. Cells
were seeded at 20% confluence in multi-well plates in glucose media and changed to the
experimental conditions after 48 hours. Media was subsequently renewed and MOA2 treatment
re-applied (where applicable) at 72-hour intervals. NDUFS2 fibroblasts proliferate rapidly in
glucose media, while they fail to thrive and proliferate in galactose media. Treatment with 3uM
MOAZ2 facilitates cell survival in galactose media and allows partial restoration of proliferation rate.
N=7. B) Growth rate of NDUFS2 mutant fibroblasts in galactose media with 3uM MOAZ2 in which
re-application rates of MOA2 were investigated: 3-, 4-, 5-, 6- and 7-day intervals. Cells were
incubated in glucose media for 24h post seeding to allow for well adherence (i.e. t=-24, confluence
data not shown), t=0 timepoint is cell exposure to galactose media/MOA2. Optimal growth rates
were observed with 3- and 4-day intervals, while a failure to thrive was noted with 7-day re-
application intervals. Intervals of 3-6 days: N=12, 7-day interval: N=3, lower replicate number due
to cell death.
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NDUFS2 mutant fibroblasts grown in glucose media exhibited the expected sigmoidal
growth curve, proliferating from 32% confluence at 48 hours (first media change) and
plateauing at 90% confluence 222 hours later (Fig. 5.2, A). Cells grown in galactose
media failed to proliferate after transitioning to galactose as a carbon source, beginning
to drop in confluence after 72 hours in galactose media: confluence dropped to 13%,
from 32%, 222 hours post media change. Cells grown in galactose media with 3uM
MOAZ2 also failed to proliferate in the 96 hours post media change, however, after the
re-application of 3uM MOAZ2 a slow rate of growth is noted. Confluence increases from
32% to 40% over the same time in which glucose cultured cells had reached a plateau.

After media change and MOA2 application at 48 hours, MOA2 treated fibroblasts
required a further 261 hours to gain a 1.5-fold increase in confluence. Glucose cultured
cells required 33 hours to proliferate to the same degree. Culturing and re-dosing the
cells for a further 138 hours (13 days post substrate transition) resulted in 3uM MOA2
dosed cells reaching 60% confluence, while untreated controls had dropped to 9%
confluence. Visual inspection of untreated galactose cultured cells (t =360h) revealed
that cell debris accounted for the 9% confluence reading.

An investigation into the requirement of MOAZ2 re-application revealed that NDUFS2
mutant fibroblasts required re-treatment with 3uM MOAZ2 at 6-day intervals, at a
minimum, to rescue cellular growth rate in galactose media (Fig. 5.2, B). Optimal
growth was observed with 3- and 4-day intervals, growing at a mean rate of 1.20% and
1.68% confluence per day, respectively. Intervals of 5- and 6-days resulted in growth
rates of 1.00% and 1.06% confluence per day. Re-treatment at 7-day intervals did not
facilitate cell proliferation. Therefore, 4-day re-application intervals were adopted for

future experiments.
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Long culture periods of NDUFS2 fibroblasts in galactose media with MOA2 (approx.
400 hours), results in a screen viable Z’ score difference between treated cells and
untreated controls — defined as attaining Z2'>0.5, Fig. 5.3. Z' score results are
dependent to a greater extent on the standard deviation of positive and negative
controls, as opposed to the difference in mean readings between them. As seen in Fig.
5.3, the standard deviation of confluences of MOAZ treated cells is large in comparison
to untreated controls. As such Z' scores are inconsistent between consecutive
timepoints, despite the fact that that the difference between the two groups was highly
significant P<1x108,

The long period of time required for producing a viable Z’ score (approx. 16 days) and
high variability of results, is incompatible with high throughput screening.

Mean Mean 3uM
Time (Hours)| Untreated | VAR5 | 2 score
Control % | /0 ce Mean Confluence of NDUFS2 Mutant
Confluence Fibroblasts at 372 Hours in Galactose
351 10.59 63.88 0.30 Media with 3uM MOA2
80
354 10.90 64.59 0.35
357 10.81 66.15 0.22 20 [
360 10.75 65.35 0.30 \
363 10.66 66.22 039 60
366 10.77 67.82 0.42
50
369 10.60 68.55 0.43
372 10.48 68.70 0.51 40
375 10.30 70.83 0.48
30
378 10.36 71.05 0.44
381 10.33 70.46 0.48 2
384 10.26 71.08 0.49
10 T
387 10.22 72.43 0.51 I
390 10.50 71.37 0.43
0
393 10.23 69.43 0.52 Untreated Control 3uM MOA2
396 10.16 74.16 0.57 Z2’>0.5
399 10.25 74.09 0.53 P<1x108
402 10.37 76.11 0.51

Fig. 5.3, End point confluence of NDUFS2 mutant fibroblasts cultured in galactose media, in the
presence and absence of MOAZ2 treatment, after approx..400 hours. A high throughput screen
viable Z’' Score is obtained after 372 hours in culture. Z’' scores exceeding 0.5 are highlighted in
green. N = 6.
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The requirement of complete media changes in combination with MOA2 re-application
for NDUFS2 mutant fibroblast growth in galactose media was also investigated,
alongside the effects of a lower concentration of MOA2. To achieve this, cells were
seeded in multi-well plates in glucose and allowed to adhere to the wells over 24 hours.
Cells were then transitioned to galactose media and treated with MOA2 as
experimentally appropriate. At 4-day intervals throughout the 400-hour experiment,
media volume in wells was measured and appropriate volumes of MOA2 were added
to make up a final in well concentrations of 0.3 and 3uM, data shown in Fig 5.4. The
wells at the edges of the multi-well plate were not used, however, they were filled with

media to minimise evaporation effects on experimental wells.

NDUFS2 Mutant Fibroblasts Cultured in Galactose Media in
the presence and absence of 3uM MOA2 (T = 400 hours)
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Fig. 5.4, Confluence of NDUFS2 mutant fibroblasts, cultured in galactose media after 400 hours,
with and without 3uM MOAZ2, avoiding complete media exchanges. MOA2 was re-applied to
remaining well media such that the final concentration was made up to 3uM. N = 5.
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This approach led to a less severe decrease in confluence in untreated cells than
previously observed and significantly reduced the variability (standard deviation) within
each group. A Z’>0.5 was once again achieved, comparing untreated and 3uM MOA2
treated cells. Over the 400-hour period, cells become significantly more confluent with
0.3uM MOAZ2 relative to untreated controls (49.5% and 37.5% confluence respectively,
P<0.05), however, the effect was markedly blunted in comparison to 3uM MOA2

treatment (77.6% confluence, P<0.0001 versus untreated controls), Fig 5.4.

Despite the detection of the phenotypic rescue in response to the lead compound,
MOAZ2, the galactose growth assay was deemed unsuitable for further use in screen
development, due to the low sample throughput, labour intensive re-treatment
protocols, and a long experiment duration required to attain a suitable Z’ score.
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5.3.2 Immunofluorescent Staining Optimisation and Validation for Complex |

Immunofluorescent imaging analysis was explored as means of quantifying levels of
Cl in the mitochondrial network, with far superior sample throughput compared to gel-
based complexomics, such as BN-PAGE. Due to the nature of the Zeiss Cell
Discoverer 7 wide-field high throughput microscope available to the project, a total of
four fluorescent channels could be employed. Therefore, the nuclear stain DAPI was
used as a means of quantifying cell count, while TOM20 immunostaining (assigned to
AF488) was used as a reliable means of allowing PerkinElmer Columbus automated
data processing to identify the mitochondria as an area of interest. In an attempt to
replicate the findings of (Tuppen et al., 2010), in which NDUFS2 mutant fibroblasts
were shown to be deficient in Cl wusing anti-NDUFB8 immunoblotting,
immunofluorescent optimisation was initiated using an anti-NDUFB8 antibody
(2.5ug/ml, as optimised in earlier experiments — data not shown). NDUFBS8 is
commonly employed as a marker of Cl deficiency due to the instability of the isolated
Pp-b assembly intermediate, in the presence of Cl defects (Stroud et al., 2016), which
is subject to continual turnover if not assembled into mature Cl (Bogenhagen and
Haley, 2020). NDUFA13 was also selected as a potential marker of Cl deficiency due
to its role in the assembly of the Q/Pp-a Cl intermediate and its interactions with both
the Q and ND1 modules (Guerreo-Castillo et al., 2017).

Treatment with 3uM MOAZ2 was included to investigate the mechanism of action of the
lead compound, as it was hypothesised to cause increases in Cl assembly. The
treatment length of 8 days was selected due to the requirement of 140 hours before
divergence seen in cell confluences of treated and untreated cells as measured by
Incucyte confluence analysis, Fig. 5.2 A section 5.3.1. MOA2 (3uM) was re-applied to
culture media at day 4, as determined as the optimal re-application interval in Fig. 5.3,
B, section 5.3.1. Cells were fixed, permeabilised and stained as per the protocol
detailed in chapter 3, including a methanol gradient step employed for CI protein
staining, as used in the anti-NDUFB8 immunofluorescent analysis of muscle sections
(Rocha et al., 2015). The effects of cell incubation in glucose and galactose media
were also investigated. Data is presented in Fig. 5.5 and 5.6 as box plots containing
vertical frequency histograms. The length of horizontal lines within the box indicates
the number of wells exhibiting the same fold change (from wild type controls) in the
protein of interest staining intensity — rounded to two decimal places. This allows the

for assessment of the distribution type of the markers.
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NDUFB8 Immunostained Fluorescent Intensity
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Fig. 5.5. Box plots representing NDUFB8 immunostained fluorescent Intensity — normalised to cell count — in NDUFS2
mutants and wild type controls cultured in glucose or galactose media for eight days (left and right of centre respectively),
with or without 3uM MOAZ2. Data presented as fold change from untreated wild type controls cultured in glucose media.
Contained within each box is a vertical frequency histogram, the length of horizontal lines within the box indicate the
number of wells exhibiting the same fold change in NDUFB8 staining intensity — rounded to two decimal places. This
allows the for assessment of the distribution of data. * P<0.05, ** P<0.001, *** P<1x10'°.
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Fig. 5.6. Box plots representing NDUFA 13 immunostained fluorescent Intensity — normalised to cell count — in NDUFS2
mutants and wild type controls cultured in glucose or galactose media for eight days (left and right of centre respectively),
with or without 3uM MOAZ2. Data presented as fold change from untreated wild type controls cultured in glucose media.
Contained within each box is a vertical frequency histogram, the length of horizontal lines within the box indicate the
number of wells exhibiting the same fold change in NDUFA13 staining intensity — rounded to two decimal places. This
allows the for assessment of the distribution of data. * P<0.05, ** P<0.001, *** P<1x10'°.
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Fig. 5.7. Representative immunofluorescent images for staining of TOM20, NDUFA13
and NDUFBS8 in Wild Type and NDUFS2 mutant fibroblasts. Cell were cultured in
glucose or galactose media, (A) with or (B) without 3uM MOAZ2. Quantified data
displayed in Fig. 5.5 and 5.6, Scale bar — 20um.
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NDUFB8 and NDUFA13 immunostaining colocalised with the mitochondrial network,
as marked by TOM20 immunostaining. In glucose media, NDUFS2 mutant fibroblasts
were found to exhibit approximately 30% of the staining intensity of NDUFB8 and
NDUFA13, within a mitochondrial mask, as compared to wild type fibroblasts.
Treatment with 3uM MOAZ2 did not significantly affect the immunostaining intensity for
Cl proteins of interest in wild type cells in glucose media, while it appeared to slightly
reduce CI protein immunostaining in NDUFS2 mutant fibroblasts in glucose media
(P<0.001). In galactose media, high variability is noted in untreated NDUFS2 mutant
controls. Inspection of images revealed that cells had been washed from the wells
during the staining protocol due to poor adherence to well bases. As a result, the low
replicate number of NDUFS2 mutant cells grown in galactose, without MOAZ2, is due
to the removal of images with no detected nuclei. Approximately 40% of the staining
intensity of NDUFB8 and NDUFA13 was noted in untreated galactose cultured
NDUFS?2 fibroblasts when compared to wild-type controls (P<1x10-19), the occasional
high values were attributed to cell debris present in the field of view. Treatment with
3uM MOAZ2 reduced the CI protein staining profile of wild type controls in galactose
media by 10%, however, a marked increase in staining intensity in NDUFS2 mutant
fibroblasts is noted, rising from 40% of wild type levels in untreated controls to 65% of
wild type levels in 3uM MOA2 treated cells (P<1x10-10).

It was noted that NDUFB8 and NDUFA13 immunostaining analysis resulted in the
production of very similar data. Both proteins enter the complex | assembly pipeline
after Q module formation (Guerreo-Castillo et al., 2017). Staining for NDUFA13 was
retained due to its interactions between Q and ND1 modules in Cl assembly, NDUFB8
immunostaining was, therefore, surplus to requirements and dropped from the staining
panel. The binding partner of NDUFS2 (NDUFS3) was selected to replace NDUFBS8 in
the panel to probe an additional region of the Cl assembly pathway.
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Optimisation of NDUFA13 and NDUFS3 co-staining

For the purposes of staining optimisation using anti-NDUFS3 antibodies, wild-type and
NDUFS2 mutant cells were seeded in glucose media in a 96 well plate and fixed after
24 hours, without MOA2 treatment. The requirement of a detergent (Tween20) and
methanol treatment for the staining was investigated. A two-fold serial dilution of
primary antibodies was used when staining, ranging from 1% to 0.25% v/v (10-
2.5ug/ml), to establish the optimal concentration of each.

NDUFS3 staining was similar to NDUFA13 staining under all conditions, with the
intensity of staining lowering with each reduction in antibody concentration, Fig 5.8,
below. Low staining intensity was noted in NDUFS2 mutants, in comparison to wild
type cells with methanol treatment, for both NDUFA13 and NDUFS3 under all
investigated conditions. The use of methanol in the staining protocol was found to be
essential, as wild-type cells without methanol treatment exhibited staining intensities
equivalent to NDUFS2 mutant cells, Fig 5.8. The co-staining of NDUFA13 and
NDUFS3 was found to be viable at 0.25% v/v (2.5 pg/ml), with a methanol gradient
included as part of the sample preparation. Treatment with Tween20 was removed
from the protocol, due to a lack of synergistic effect with the methanol gradient.

190



>

NDUFS3 Immunostained Intensity Sum per Unit

NDUFA13 Immunostained Intensity Sum per Unit

NDUFS2 Mutants Wild Type

|
L1

FHIIH

Mitochondrial Area — Fold Change

I

I
I rH

FIETIFT
1
[T

I

[III

[
LI

B

HI7l

|

I

11100 1/200 1/400 1/100 1/200 1/400 1/100 1/200 1/400 1100 1/200 1/400  1/100 11200 1/400 1100 1/200 1/400

NDUFS3 Primary Antibody Dilution Factor

e
[T
I

Mitochondrial Area — Fold Change

FEH
I

E =
;

I

I

1100 1/200 1/400 1/100 1/200 1/400 1100 1/200 1/400 1100 1/200 1/400  1/100 1/200 1/400 1/100 1/200 1/400
NDUFA13 Primary Antibody Dilution Factor

Fig 5.8. Optimisation of NDUFA13 and NDUFS3 co-staining for high throughput immunofluorescence.
Box plots showing the optimisation of (A) NDUFS3 staining co-stained with (B) NDUFA13. Data presented
as a bar chart representing NDUFA13 immunostained fluorescent Intensity — normalised to mitochondrial
area — in NDUFS2 mutants and wild type controls. The requirement of tween or methanol treatment for
staining in wild type cells was explored. Data presented as fold change from NDUFS2 mutant fibroblasts,
stained with 0.25% v/v (2.5ug/ml) CI primary antibodies, subject to Tween20 and methanol gradient
treatment. Contained within each box is a vertical frequency histogram, the length of horizontal lines
within the box indicate the number of wells exhibiting the same fold change in (A) NDUFA13 and (B)
NDUFS3 staining intensity — rounded to two decimal places. Blue: TBS-NGS, Methanol Gradient Green:
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Fig 5.9. Representative images of experimentally improved staining conditions for
NDUFA13 and NDUFS3, in wild type and NDUFS2 mutant fibroblasts. A no primary
antibody control for Complex | proteins of interest is included for comparison. Scale
bar = 20nm.

Using the improved protocol above, high replicate count analysis of NDUFS2 mutant
fibroblasts was carried out to confirm the requirement of galactose media for complex
| assembly rescue. Data were collected from 384 well plates, seeded in glucose media
and changed to galactose media after 24 hours. Half of all wells were dosed with 3uM
MOAZ2, incubated for eight days, with MOAZ2 re-application at day 4. Sample
preparation post-fixation consisted of TBS-NGS (30 minutes) followed by a methanol
gradient. It is noted in resultant images that the removal of Tween20 treatment has
resolved the low cell count/poor cell adherence seen in galactose NDC cells of Fig.
5.6, 5.7 and 5.8. Highly statistically significant (P<1x10®), but minor, increases in
NDUFA13 and NDUFS3 staining levels in glucose media were noted after 4 days of
MOA2 treatment: +4%, +9% respectively, Fig 5.10. However, NDUFA13 and NDUFS3
levels drop with the application of 3uM MOAZ2 in glucose media, relative to no dose
controls after 8 days: -7%, -10% respectively. A substantial increase in NDUFA13 and
NDUFS3 staining was evident after 4 days with 3uM MOAZ2 treatment in galactose
media (P<1x109): +26% and +29% respectively. Improvements persist after 8 days,
exhibiting 34% and 22% increases in NDUFA13 and NDUFS3 staining respectively.
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Fig 5.10. Analysis of MOAZ effects on NDUFS2 mutant fibroblasts in Glucose or Galactose media. Box plots showing mean intensity of NDUFA13 and NDUFS3
staining in NDUFS2 mutant fibroblasts, in the presence or absence (green and red bars respectively) of 3uM MOA2, in Glucose and Galactose media. In all
instances, P<1x10® as determined by a Students T Test. A) i) NDUFA13 staining in NDUFS2 mutants in glucose media — 4-day timepoint; 4% increase. ii) NDUFS3
staining in NDUFS2 mutants in glucose media — 4-day timepoint; 9% increase. B) i) NDUFA13 staining in NDUFS2 mutants in glucose media — 8-day timepoint;
7% decrease. ii) NDUFS3 staining in NDUFS2 mutants in glucose media — 8-day timepoint; 10% decrease.
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Fig 5.10 — Continued. Analysis of MOA2 effects oniiNDUFS2 mutant fibroblasts in Glucose or Galactose media. Box plots showing mean intensity of NDUFA13 and
NDUFS3 staining in NDUFS2 mutant fibroblasts, in the presence or absence (green and red bars respectively) of 3uM MOA2, in Glucose and Galactose media. In all
instances, P<1x10® as determined by a Students T Test. C) i) NDUFA13 staining in NDUFS2 mutants in galactose media — 4-day timepoint; 26% increase. ii) NDUFS3
staining in NDUFS2 mutants in galactose media — 4-day timepoint; 29% increase. D) i) NDUFA13 staining in NDUFS2 mutants in galactose media — 8-day timepoint;
34% increase ii) NDUFS3 staining in NDUFS2 mutants in galactose media — 8-day timepoint; 22% increase.
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5.3.3 Maximal Complex | Activity

To further investigate the lack of effect of MOA2 upon NDUFS2 mutant fibroblasts
when grown in glucose media, cells were cultured in the presence and absence of 3uM
MOAZ2 in glucose media for four days, from which mitochondria were isolated and
freeze-thawed to ensure mitochondrial membranes were fully broken. Cl and Cll were
then assessed for activity in vitro. Maximal CI| activity normalised to maximal ClI
activity, as a control for protein content (a surrogate for mitochondrial mass). The
experiment was kindly carried out by clinical colleagues in The Newcastle Highly

Specialised Mitochondrial Diagnostic laboratory.
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Fig 5.11. CI:Cll isolated in vitro activity ratio of NDUFS2 mutant fibroblasts cultured in
glucose media for four days, with and without 3uM MOAZ2. Cl and Cll were subject to
activity assays carried out by colleagues at The Newcastle Highly Specialised
Mitochondrial Diagnostic laboratory. A non-statistically significant reduction in the CI:ClI
activity ratio is noted with 3uM MOAZ2 treatment. P>0.1, n=9.

Treatment with 3uM MOA2 reduced CI:Cll isolated activity ratio by 11%, relative to
untreated controls, however, statistical significance was not reached (P>0.1), Fig, 5.12.
This result confirmed that treatment of NDUFS2 mutant fibroblasts with 3uM MOAZ2 in
glucose media does not result in increased Cl activity, consistent with the

immunofluorescent data.
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5.3.4 Dose Dependency Assessment of a Lead Compound

Having confirmed the efficacy of 3uM MOAZ2 in increasing immuno-stained intensities
of NDUFA13 and NDUFS3 in NDUFS2 mutant fibroblasts in galactose media, a serial
dilution of MOA2 was next employed to assess dose dependency of this effect. The

staining protocol used in section 5.3.2 was employed against NDUFS2 cells incubated
in 0.1, 0.3, 1.0 and 3.0pM MOAZ2, alongside wild type fibroblasts without dose as a

positive control for normal complex | levels. The cells were seeded in glucose media,
changed to galactose media, NDUFS2 cells were then treated with MOA2 after 24
hours and incubated for 8 days with MOA2 re-application at 4 days as before.

Quantification of immunofluorescent data is shown below in Fig 5.12.

NDUFS3 Immunostained

NDUFA13 Immunostained

Fluorescent Intensity (Au)

Fluorescent Intensity (Au)

#

0.1 0.3 1.0 3.0

NDUFS2 Mutant Fibroblasts + MOA2 (uM)

NDUFS2 Wild Type
No Dose Controls

#

0.1 0.3 1.0 3.0

NDUFS2 Mutant Fibroblasts + MOA2 (uM)

NDUFS2  Wild Type

No Dose Controls

*P<0.01

** P< 0.001

Fig 5.12. Complex | subunits levels in NDUFS2 cells cultured in galactose media are
partially rescued with MOAZ2 treatment in a dose dependent manner. Immunofluorescent
staining for (A) NDUFS3 staining co-stained with (B) NDUFA13 in wild type controls
(blue) and NDUFS2 mutant cells subject to a serial dilution of MOAZ2: untreated controls
(orange), 0.1, 0.3, 1.0 and 3.0uM (purple). Data presented as a box plot representing Cl
protein of interest immunostained fluorescent Intensity — normalised to mitochondrial
area. Data presented as fold change from untreated NDUFS2 mutant fibroblasts.
Contained within each box is a vertical frequency histogram, the length of horizontal lines
within the box indicate the number of wells exhibiting the same fold change in protein of
interest staining intensity — rounded to two decimal places.
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Fig 5.13. Representative inmunofluorescent images demonstrating partial rescue of Cl subunits levels
in NDUFS2 mutant fibroblasts, with MOA?Z2 treatment in galactose media. Cells were stained for
TOM20, NDUFA13 and NDUFS3 in Wild Type and NDUFS2 mutant fibroblasts, in galactose media,
with or without MOA2. (A) Comparison of Wild Type and untreated NDUFS2 mutant controls with
NDUFS2 fibroblasts with 3uM MOAZ2; image display settings optimised for Wild Type controls. (B)
Images showing a serial dilution of MOAZ2 at 0.3, 1.0 and 3.0uM MOAZ2 in NDUFS2 fibroblasts, image
display settings optimised for NDUFS2 +3.0uM MOAZ2. Scale bar = 20um.
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A dose dependent increase in NDUFA13 and NDUFS3 staining intensity was noted in
galactose media cultured NDUFS2 mutant fibroblasts treated with MOA2, reaching
highly statistically significant (P<0.001) increases of 10% and 12% for NDUFS3 and
NDUFA13 respectively with 3uM MOA2 treatment. Previously 0.3uM MOAZ2 treatment
had resulted in statistically significant effects in the galactose growth assay, however,
the increase was less marked in comparison to 3uM treatment. This experiment
provides evidence of a stepwise improvement in Cl assembly with increasing MOA2
concentrations. It is hypothesised that a threshold point of Cl assembly is crossed at
3uM to improve the impaired galactose growth phenotype of NDUFS2 mutant
fibroblasts. Higher concentrations of MOA2 were found to be toxic to cellular

proliferation in earlier experiments (Rai, 2017).

Separate from assessing MOAZ2 activity, high throughput screening compatibility was
determined using Z’' scores. Z' scores were calculated as 0.45 and 0.43 for NDUFA13
and NDUFS3 respectively, comparing wild type and untreated NDUFS2 mutant cells.
Data from wild-type cells were used in this calculation as the screen development
component of the project is seeking to identify a means of restoring Cl levels. As such
a partial restoration of Cl levels in NDUFS2 mutant cells by MOA2, a lead compound

requiring further optimisation is not appropriate to use a positive control.
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5.3.5 Optimisation of Protocol and Application to Automated systems
The Z' scores attained in 5.3.4., 0.45 and 0.43 for NDUFA13 and NDUFS3
respectively, fall outside the acceptable Z' range of 0.5-1.0 for a high throughput

screening assay. Thus far, all sample preparation steps have been carried out
manually, with the use of a multi-channel pipette. The use of liquid handling automation
in appropriate steps of sample preparation, such as plate washing and reagent
addition, presents as a means of further increasing sample throughput and decreasing

well to well variability, which would raise the Z’ score.

Experiments in glucose media (2,000 cells seeded per well, without MOA2 treatment,
24-hour culture period) were carried out to test alternative reagents and simplified
iterations of methanol treatment more suited to HTS. Liquid handling systems were
also used to optimise the technique for HTS. Iterations of a simpler methanol treatment
was explored (methanol v/v % in dH20 / treatment length per stage) as follows: 70%/30
minutes, 100%/30 minutes, 70%-100%/15 minutes and 70%-100%-70%/10 minutes.
NDUFA13 and NDUFS3 staining intensity in cells subject to pre-methanol blocking
with BSA in PBS, with and without 0.1% (v/v) TritonX100, was also assessed alongside
the new reagents. Alternative reagents/methods for HTS used are presented in Table
5.1, below, alongside a brief justification for the change. Data is presented in Fig. 5.14.

Table 5.1. Immunofluorescent reagents and their HTS alternatives. Alterations made for the

purposes of optimising an immunostaining methodology for liquid handling automation
hardware, with the aim of attained a screen compatible Z’ score.

Original HTS TPy
Purpose _ Justification
Reagent/Method Alternative
' ' . Phosphate- Can be purchased readily in tablet
Tris-Buffered Saline Reagent/antibody form, simpler for use and mass
(TBS) Solvent Buffered t f t
Saline storage of reagen
Normal Goats Serum Blockin Bovine Serum | BSA is cheaper and easier to store
(NGS) 9 Albumin (BSA)
Harsher detergent — may
Tween20 Ce.". ' TritonX100 synergistically improve staining with
Permeabilisation methanol treatment

The full methanol gradient requires
six liquid changes in wells. For a

; , Methanol single multi-well plate this poses

Partially disrupt s .

. Treatment of little issue, but HTS often consists
. target protein .
Methanol Gradient shorter of sample numbers in the order of
complexes to 7.
. length/fewer 104, requiring 25+ 384-well plates,
expose epitopes o L

stages resulting in multiple liquid changes

becoming highly impractical.

199



NDUFA13 Immunostained Fluorescent Intensity - Fold Change
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Fig. 5.14A. Further optimisation of immunofluorescent staining of NDAUF 13 using liquid handling automation and alternative HTS reagents. Immunofluorescent stained intensity
of NDUFA13 normalised to mitochondrial area, presented as fold change from NDUFS2 mutant fibroblasts subjected to the original staining protocol (TBST-NGS, methanol
gradient treatment — 70-95-100-100-95-70 10 minutes per stage); the mean intensity of which is represented using a horizontal line. Data collected from Wild Type and NDUFS2
mutant fibroblasts are presented on the left and right of a dashed line, respectively. Multiple combinations of detergent and methanol treatments were explored as indicated by

the colour key and x-axis.
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Fig. 5.14B. Further optimisation of immunofluorescent staining of NDAUS3 using liquid handling automation and alternative HTS reagents. Immunofluorescent stained intensity of
NDUFS3 normalised to mitochondrial area, presented as fold change from NDUFS2 mutant fibroblasts subjected to the original staining protocol (TBST-NGS, methanol gradient
treatment — 70-95-100-100-95-70 10 minutes per stage); the mean intensity of which is represented using a horizontal line. Data collected from Wild Type and NDUFS2 mutant
fibroblasts are presented on the left and right of a dashed line, respectively. Multiple combinations of detergent and methanol treatments were explored as indicated by the colour

key and x-axis.
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Immunofluorescent stained intensities of NDUAF13 and NDUFS3 broadly followed
similar trends. The intensity of both Cl proteins in NDUFS2 mutant cells were
universally below the mean for wild-type cells, however, several newly tested methods
resulted in lower variance in wild-type cells than the original protocol. It was noted that
the use of TritonX100 before methanol treatment in wild-type cells (purple Fig 5.14)
drastically increased data variability. Shorter iterations of the methanol gradient
trended towards lower well to well variability, potentially as a result of fewer in well
liquid changes in the protocol.

Methods were ranked by Z' score. The best scoring protocol (Z'>0.53 for both
NDUFA13 and NDUFS3) was found to be 30 minutes in PBS-1%BSA (v/v) followed by
30 minutes in 100% methanol. This is despite this method exhibiting some of the lowest
observed staining intensities for NDUFA13 in wild-type cells. Though this is predicted
to be a result of standard deviations contributing more greatly to Z’' score than
differences in mean readings. This protocol was adopted for all further
immunofluorescent imaging experiments. The complete protocol can be found in

section 2.5.6.

Nuclei TOM20 NDUFA13 NDUFS3 Merge

Wild Type
(1 Hour TBST-
NGS, Methanol
Gradient)

Wild Type
(30m PBS-BSA,
30m 100%
Methanol)

NDUFS2
(30m PBS-BSA,
30m 100%
Methanol)

Fig 5.15. A comparison of original and HTS optimised immunofluorescent images for staining
of TOM20, NDUFA13 and NDUFS3 in Wild Type and NDUFS2 mutant fibroblasts.
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5.3.6 Establishing ClV Immunostaining

The two most common biochemical defects in mitochondrial disease are deficiencies
in Cl and CIV (Swalwell et al., 2011, Nouws et al., 2012, Lake et al., 2016). Having
established IF staining for complex | levels using anti-NDUFA13 and anti-NDUFS3
antibodies, optimisation for CIV staining was also undertaken for the purposes of
creating a high throughput means of rapidly assessing patient-derived cells for Cl and
CIV defects. The CIV subunit MTCOI was selected as a CIV marker due to its stability
in mitochondria being dependent on its incorporation into fully assembled CIV
(Dennerlein et al., 2015), and subsequent history of use as an established CIV
biomarker in SDS/BN-PAGE and muscle section quadruple immunofluorescence
techniques (Rocha et al., 2018, Lehmann et al., 2019).

Wild type and NDUFS2 mutant fibroblasts were immunostained with an anti-MTCOlI
primary antibody (0.25% v/v, 2.5ug/ml), alongside NDUFA13, using the HTS optimised
protocol detailed in 2.5.6.

Nuclei TOM20 MTCOI NDUFA13 Merge

Wild Type

NDUFS2
Mutant

Fig 5.16. Representative immunofluorescent images for staining of TOM20, MTCOI! and
NDUFA13 in Wild Type and NDUFS2 mutant fibroblasts using the HTS compatible protocol
as optimised in 5.3.5, detailed in 2.5.6.

Visual inspection of immunofluorescent images in wild type and NDUFS2 mutant
fibroblasts confirms co-localisation of MTCOI staining with TOM20 staining, Fig 5.16,
and a lack of NDUFA13 staining as previously noted. Staining of wild-type control
fibroblasts, specifically, displayed the viability of NDUFA13/MTCOI co-staining using
this protocol.
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Having confirmed the efficacy of MTCOI immunostaining in wild type and NDUFS2
fibroblasts, the protocol was used against a SURF1 mutant fibroblast cell line, deficient
in CIV. Additionally, to investigate the scope of the potential therapeutic activity of
MOAZ2, SURF1 mutant fibroblasts were subjected to 8 days in galactose media, with
and without 3uM MOA2 with re-application on day 4. The quantified
immunofluorescent intensity of MTCOI is displayed in Fig, 5.18.

The established CIV defect was detected in untreated SURF1 mutant fibroblasts,
which exhibited 45% of the total MTCOI immunostained intensity of untreated wild type
controls. Staining for NDUFA13 confirmed that no CI deficiency is present in these
cells and acted as a control for the staining protocol. Intriguingly, treatment with 3uM
MOAZ2, over eight days in galactose media, resulted in the phenotypic rescue of a
subset of SURF1 mutant cells, as shown in vertical frequency histograms in Fig, 5.18.
Visual inspection of images, shown in Fig 5.18, confirmed the bimodal distribution of
MTCOI staining in SURF1 mutant cells. This response may become more consistent
across all wells with an increase in experiment duration. This effect was not pursued
further in this project, as it aimed to create a high throughput means of detecting ClI

and CIV defects in patient-derived cells.

Taken together, experiments in wild type fibroblasts, NDUFS2 and SURF1 mutant
fibroblasts, have shown that the HT immunostaining protocol (established in 5.3.5,
detailed in 2.5.6) can be used to successfully quantify decreases in either complex | or
V.
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- Fold Change from Wild Type Control

MTCOI Immunostained Fluorescent Intensity

Wild Type SURF1 SURF1 Mutant
Mutant +3uM MOA2

Fig 5.17. Rescue of MTCOI staining in a CIV deficient SURF1 fibroblast cell line with MOA2
treatment. Box plot representing MTCOI immunostained fluorescent Intensity - normalised to
mitochondrial area in untreated wild type controls and SURF1 mutants, with or without 3uM MOA2.
Data presented as fold change from the mean readout of untreated wild type controls (represented
with a black horizontal line). Contained within each box is a vertical frequency histogram, the length
of horizontal lines within the box indicate the number of wells exhibiting the same fold change in
MTCOI staining intensity, allowing for the assessment of the distribution of data.

TOM20 NDUFA13 MTCOI Merge

Wild Type
Control

SURF1

Control

SURF1
+3uM MOA2

Response

SURF1
+3uM MOA2

No Response

Fig 5.18. Representative immunofluorescent images for staining of TOM20, NDUFA13 and
MTCOI in Wild Type and SURF1 mutant fibroblasts, with and without 3uM MOA?2 treatment.
A CIV deficiency is apparent in untreated SURF1 mutant controls, while treatment restores
MTCOI staining intensity in a subset of experimental wells.
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5.3.7 Quadruple Immunofluorescent Analysis of Mitochondria in Cell lines

The optimisation of quadruple immunofluorescent analysis, to facilitate the
simultaneous measurement of four proteins of interest, was selected for development
to increase the data yield from a single experiment. Proteins targeted were: TOM20
(mitochondrial mask for data analysis) NDUFA13 and MTCOI (previously established
staining for Cl and CIV) as well as immunostaining for SDHA — a CIl subunit. ClI
presents as the only mitochondrial complex exclusively of nuclear origin, containing no
mtDNA components. As such, the only mitochondrial property that its abundance is
dependent upon is the maintenance of the membrane potential, such that
mitochondrial protein import is maintained. It is therefore expected that reductions in
levels of both Cl and CIV in mitochondrial patients, but normal levels of Cll, would be
indicative of mtDNA depletion or impairment of mitochondrial translation machinery;
for instance, the common m.3243A>G MELAS causing mutation. Defects of mtDNA
count could then be followed up with specific diagnostic assays, such as qPCR to
quantify mtDNA levels.

Staining for Complex |l

Immunofluorescent staining for SDHA was carried out as per the HTS protocol
established in 5.3.5. Three concentrations of primary antibody were explored, 0.03%,
0.13% and 0.5% v/v (0.3, 1.3 and 5ug/ml). Fig 5.19 demonstrates a stepwise increase
in SDHA immunofluorescent staining intensity in wild type fibroblasts, while visual
inspection of images, Fig 5.20, confirms co-localisation with TOM20 immunostaining.
A control for staining, without anti-SDHA primary antibody, revealed a minimum of
background signal. A concentration of 0.13% v/v (1.3ug/ml) was selected for ClII
immunostaining experiments as a means of generating suitable signals while

conserving reagents.
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Fig 5.19. Optimisation of SDHA immunofluorescent staining using the HTS compatible protocol. A
box plot representing SDHA immunostained fluorescent Intensity - normalised to mitochondrial area
- in wild type controls. Stepwise increases in SDHA staining intensity is noted with increasing
concentrations of anti-SDHA primary antibody. Contained within each box is a vertical frequency
histogram, the length of horizontal lines within the box indicate the number of wells exhibiting the
same fold change in SDHA staining intensity, allowing the for assessment of the distribution of data.

TOM20 SDHA Merge

5 ug/mil

Anti-SDHA

1.3 pg/ml

Anti-SDHA

0.3 pg/ml

Anti-SDHA

No anti-
SDHA
Primary

Fig 5.20. Representative immunofluorescent images showing visible co-localisation of TOM20 and
SDHA stained proteins in wild type fibroblasts. A dilution series of anti-SDHA primary antibodies
was investiaated to determine suitable concentrations for use in future experiments.
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Employment of Quadruple Immunofluorescent Analysis

DAPI has been previously used as a nuclear marker to serve as a means of
establishing cell counts to estimate cell survivability, as used in Fig. 5.5, 5.7 and 5.8.
The collection of this data is not relevant when attempting to quantify respiratory chain
deficiencies within the mitochondrial network, as TOM20 is used as a means of
identifying areas of interest for signal quantification and cell survival should not be
impacted in high glucose media; diagnostic assays are envisaged to be carried out in
standard glucose cell culture media to ensure a sufficient quantity are available for
analysis. Omitting DAPI staining and using a secondary antibody, conjugated to a
fluorophore of lower stimulation and emission wavelengths of light compared to those
used previously, for one protein of interest, will facilitate the quadruple
immunofluorescent co-staining. As such, a goat-anti-rabbit-AF405 (Rb405 — excitation
peak 401nm, emission peak 422nm) secondary antibody was purchased and trialled
in wild-type fibroblasts, paired with an anti-TOM20 primary antibody, as per the HTS
protocol established in 5.3.5. As TOM20 was under experimental investigation, a
mitochondrial mask was established using SDHA co-staining, having shown co-

localisation of signals in Fig 5.21.
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Fig 5.21. Optimisation of TOM20 immunofluorescent staining using the HTS compatible protocol
with a Goat-Anti-Rabbit-AF405 secondary antibody. A box plot representing TOM20 immunostained
fluorescent Intensity - normalised to mitochondrial area - in wild type controls using Rb405
secondary antibody. Stepwise increases in TOM20 staining intensity is noted with increasing Rb405
concentrations of. Contained within each box is a vertical frequency histogram, the length of
horizontal lines within the box indicate the number of wells exhibiting the same fold change in
TOMZ20 staining intensity, allowing for the assessment of the distribution of data.
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NADH autofluorescence was considered in the selection of TOM20 for AF405 labelling.
While the excitation peak of NADH is 340nm, a low level of excitation bleed from
405nm light sources would be expected due to a wide full-width at half-maximal
(FWHM) reading of 60nm (Blacker and Duchen, 2016). As such, a 405nm light source
stimulates NADH fluorescence to less than half the degree of a 340nm source. The
emission peak of NADH is 460nm — FWHM: 100nm, which implicates the emission
peak of the Rb405 secondary antibody (422nm), however, this is not expected to
interfere with the experiment due to the suboptimal stimulation from 405nm light
sources. All other secondary antibodies have been used at final, in well, concentrations
0.1% v/v (2ug/ml). A concentration of 0.2% v/v (4ug/ml) was selected for TOM20-
Rb405 immunostaining experiments as a means of generating suitable signals while

conserving reagents.

The quadruple immunofluorescent staining panel (anti-TOM20, SDHA, NDUFA13,
MTCOI) was employed against wild type fibroblasts, as a means of confirming viable
staining for the four targets simultaneously. A split-channel representative image is

shown in Fig, 5.23.

TOM20 SDHA NDUFA13 MTCOI Merge

Fig 5.22. Representative images for quadruple immunofluorescent staining of TOM20, SDHA,
NDUFA13 and MTCOI in wild type fibroblasts.
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Use of Immunofluorescent Methods for the Detection of Cl Deficiency in Primary
Fibroblasts

To validate the immunofluorescent method as a means of quantifying mitochondrial

biochemical deficiencies in diagnostically relevant samples, primary patient-derived
fibroblasts were subject to immunofluorescent analysis. The cells employed had
previously been subject to genome sequencing and been found to harbour a
pathogenic mutation in the NDUFS6 gene. Quadruple immunofluorescent analysis of
patient muscle sections had revealed a deficiency in Cl, as measured by NDUFBS8
immunostaining (Ahmed et al., 2017).

Immunofluorescent labelling of NDUFA13 and NDUFS3, and subsequent cell level
comparative microscopy analysis, of wild type and NDUFS2 mutant cell lines alongside
NDUFS6 primary fibroblasts detected a Cl deficiency in the NDUFS6 mutants. Both
patient-derived cell lines exhibited NDUFA13 total staining intensities at 40% of that
noted in wild-type cells. A similar reduction in NDUFS3 staining is apparent in NDUFS6
primary fibroblasts, though NDUFS2 cells display 25% of the staining intensity of wild-
type cells, Fig 5.23, a statistically significant reduction in comparison to the NDUFS6

mutant cells.
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Fig 5.23. Immunofiuorescent intensities of NDUFA13 and NDUFS3 in Wild Type, NDUFS2
mutant immortalised fibroblasts and NDUFS6 mutant primary fibroblasts. Non-Significant (NS)
P>0.05, * P<1x10®, *P<1x10"°.

Nuclei TOM20 NDUFA13 NDUFS3 Merge

Wild Type

NDUFS6
Mutant

NDUFS2
Mutant

Fig 5.24. Representative images of Wild Type, NDUFS2 mutant immortalised
fibroblasts and NDUFS6 mutant primary fibroblasts immuno-stained for TOMZ20,
NDUFA13 and NDUFS3.
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The quadruple immunofluorescent staining panel of TOM20, SDHA, NDUFA13 and
MTCOI was used to compare levels of Cl, Cll and CIV in NDUFS6 primary cells against
NDUFS2 mutant fibroblasts — as a control for Cl deficiency. This method revealed no
statistically significant differences in CI, Cll or CIV levels between the cell populations,
Fig 5.25 and 5.26.

A 22
B 22
SDHA NDUFA13 MTCOI
Fig 5.25. Immunofluorescent analysis of Cl, Cll and CIV subunit levels in NDUFS2 and NDUFS6
mutant fibroblasts. Total immunofluorescent staining intensity of SDHA (green), NDUFA13
(orange) and MTCOI (red), normalised to mitochondrial area, in a NDUFS2 mutant fibroblast cell
line (A) and NDUFS6 mutant primary fibroblasts (B). Present as fold change from mean readings
from NDUFS2 cells.
SDHA NDUFA13 MTCOI Merge
NDUFS2
Fibroblast
Cell Line
NDUFS6
Primary
Fibroblasts

Fig 5.26. Representative immunofluorescent images of CI, CIll and CIV subunit
immunostaining in NDUFS2 and NDUFS6 mutant fibroblasts. All image display settings
optimised for visualisation of SDHA staining; identical settings then applied to
NDUFA13 and MTCOI channels.

212



The use of the well-established technique: western blotting, conducted as per 2.5.7 by
Dr. S. Bell, serves as a means of confirming the above results. An antibody panel
containing primary antibodies to all mitochondrial complexes was used — NDUFBS,
SDHB, UQCRC2, COXIl and ATPB — alongside GAPDH serving as a loading control.
Western blotting confirmed the detection of Cl defects in the NDUFS6 patient-derived
primary fibroblasts, relative to wild-type cells, Fig 5.27. Western blotting confirms no

deficiency of the remaining mitochondrial complexes in the NDUFS6 mutant cells.

WT S6
- NDUFBS

- s | SDHB

| — | UQCRC2

[ & we » [coxn

G| A TPE

< @ GAPDH

Fig 5.27. Western blotting of cell lysates for Wild Type (WT) and NDUFS6 mutant (S6) fibroblasts.
Complex | levels are low in NDUFS6 mutant cells, compared to wild type cells. Fibroblasts were cultured
and lysates were prepared as detailed in 2.5.7. Equal amounts of lysate were subjected to western
blotting, section 2.5.7, with antibodies to each of the subunits shown, representing CI (NDUFBS), II
(SDHB), 11l (UQCRCZ2), IV (COXIl) and V (ATPB). GAPDH is used as a loading control for the total cell
lysate. Experiment kindly carried out by Dr. S. Bell.
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Investigation of MOA2 using TOM20, CI, Cll and CIV Quadruple Immunofluorescence

Having optimised the quadruple immunofluorescent staining panel, it was finally
employed against wild type and NDUFS2 mutant fibroblasts, subjected to a serial
dilution of MOAZ2, in galactose media.

The quadruple immunofluorescent panel detected the Cl defect in the NDUFS2 mutant
cell line, alongside a small yet statistically significant reduction in the levels of Cll. A
statistically significant increase in CIV levels is also noted in the NDUFS2 mutant cell
line, compared to wild-type controls. A highly significant increase in the
immunofluorescent intensity of the 405nm channel (assigned to TOMZ20) is also

apparent in NDUFS2 mutant fibroblasts, relative to the wild type control fibroblasts.

The application of MOA2 to NDUFS2 mutant cells causes further increases in the
immunofluorescent intensity of TOM20 and increases Cl, Cll and CIV intensity are
evident as MOA2 concentration increases. At 3uM, MOA2 results in 25%, 15% and
31% increases in TOM20, Cll and CIV immunofluorescent intensities over wild-type
controls respectively. 3uM MOAZ2 also increases the mean Cl immunofluorescent
intensity, in NDUFS2 mutant cells, from 50% of wild type controls to 87% of wild type
controls. A bimodal distribution is observed in this specific data set, similar to results
obtained in SURF1 mutants treated with MOAZ2.
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Fig 5.28. Complex I, Il and IV subunit and TOMZ20 immunofluorescent intensities in NDUFS2
cells cultured in galactose media with MOAZ2 treatment. Immunofluorescent intensity of
indicated proteins in wild type and NDUFS2 mutant cells, with and without MOA2 at 0.3, 1 and
3uM. Normalised as fold change from WT controls. N=48. * P<0.05, ** P<0.01, *** P< 105, ~
P< 1070
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TOM20 SDHA NDUFA13 MTCOI Merge

Wild Type
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NDUFS2

Control
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Fig 5.29. Representative immunofluorescent images of wild type fibroblasts and
NDUFS2 mutant fibroblasts, subject to treatment with a serial dilution of MOA2,
immunostained for TOM20, SDHA, NDUFA13 and MTCOI.
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5.4 Discussion

5.4.1 Mitochondrial Complex | Subunit Abundancies in Cl Deficient Cells

The assembly pathway of Cl is complex and dynamic set of both interdependent and
independent processes (Sanchez-Caballero et al., 2016, Guerrero-Castillo et al.,
2017). It is dependent on the assembly of the Q module, from NDUFS2, 3 and NDUFAS
initially. Without this event, the assembly of the QPp-a intermediate, the binding of the
Q and ND1 modules, will not occur. In the absence of QPp-a, other assembly
intermediates such as Pp-b (containing ND2, 3, 4L and 6), Pp-a (ND4), Pp-b (ND5),
have no binding site. In spite of their successful assembly, accumulating proteins are
degraded by the mitochondrial proteosome machinery (Gerdes et al., 2012, Rendén
and Shoubridge, 2012). Interestingly, the absence of mitochondrial protease activity
has also been shown to result in pathogenic respiratory chain defects, in Cl and CIV,
as a result of dysregulated assembly (Atorino et al., 2003, Bella et al., 2010).

Investigations by Tuppen et al., 2010, identified a point mutation resulting in a R118Q
amino acid substitution in the NDUFS2 gene in a paediatric female with Leigh
Syndrome, patient 3 (Tuppen et al., 2010). Gel-based investigations confirmed a Cl
assembly defect, with BN-PAGE and in-gel activity assays displaying significantly
reduced levels and activity of Cl in these cells respectively. SDS-PAGE and western
blotting showed that fibroblast lysates exhibited reduced basal levels of NDUFA9 and
NDUFB8 CI subunits, but normal levels of NDUFS3 (Tuppen et al., 2010).

Investigations by Rendon and Shoubridge, 2012, demonstrate rapid proteolytic
turnover of the ND1 module in the presence of NDUFAF3 and 4 siRNA mediated
knockdown (Rendén and Shoubridge, 2012). Also shown is a Cl assembly defect,
detected using BN-PAGE analysis with Cl marked with NDUFA9 immunolabelling
(Rendén and Shoubridge, 2012). While artificially induced, and stemming from
deficiencies in early assembly factors, the work of Rendén and Shoubridge, 2012,
confirms that impairment of Q/Pp-a assembly significantly reduces total Cl assembly.

A fibroblast cell line derived from patient 3, (Tuppen et al., 2010), was used as a model
for Cl deficiency in the investigations of this project. Immunofluorescent microscopy
analysis corroborated reduced levels of NDUFB8. BN-PAGE investigations show an
absence of assembled ClI, as marked by NDUFB8, however, some residual signal is

seen in IF experiments, Fig, 5.6, displaying approximately 30% of the signal intensity
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of wild-type cells, not zero. It is hypothesised that this signal originates from Pp-b
assembly intermediates. The reduction in NDUBF8 signal intensity versus wild-type
cells is proposed to be a result of the degradation of unassembled intermediates. BN-
PAGE gels aiming to capture assembled ClI, as shown in Tuppen et al., 2010, would
likely result in the Pp-b intermediate being lost to the end of the gel due to its small
molecular weight in comparison to whole Cl. Similar IF observations to NDUFBS8 are
made in the case of NDUFA13, in that the reduction in the rate of Q module assembly
is present due to the pathogenic NDUFS2 mutation in these cells. This could lead to a
lowering in the levels of the Q/ND1 intermediate complex — to which NDUFA13
associates to form the Q/P,-a intermediate. As NDUFA13 directly interacts with Q and
ND1 modules to form the Q/Pp-a intermediate (Guerreo-Castillo et al., 2017) it, as
opposed to NDUFB8, was taken forward for further investigations. Immunostaining for
NDUFS3 was employed in place of NDUFBS, to further interrogate Q module assembly
in NDUFS2 mutant fibroblasts.

Using POI intensity sum per unit mitochondrial area by IF as a readout, this project
consistently identified reductions in the levels of NDUFS3 in the NDUFS2 mutant cell
line, contrary to the observations made by Tuppen et al., 2010, in which whole cell
lysates patient cells were shown to express normal levels of NDUFS3 (Tuppen et al.,
2010, Figure 4C). A potential explanation for this discrepancy is the mitochondrial
masking carried out in the IF investigations (Appendix D). Automated data processing
of IF images requires the designation of areas of interest, in which to quantify signal.
In doing so any NDUFS3 present in the cytosol — newly synthesised and awaiting
import - is not quantified, which would contribute to whole cell lysate readings noted in
western blotting analysis.

Immunofluorescent microscopy for NDUFA13 and NDUFS3 was also able to detect ClI
deficiency in NDUFS6 mutant primary fibroblasts. Muscle sections of the patient had
previously been analysed using quadruple immunofluorescence for laminin, porin,
NDUFB8 and COXI (Ahmed et al., 2017). The investigations by Ahmed et al., 2017,
analysed 880 muscle fibres from the patient (patient 6), revealing a severe CI
deficiency phenotype. In the Cl assembly pipeline, the N module has been shown to
bind the Q/P intermediate before NDUFS6 binding the resultant structure (Pereira et
al., 2013, Kmita et al., 2015, Sanchez-Caballero et al., 2016, Guerreo-Castillo et al.,
2017). Experiments in yeast have shown deletion of the NUMM gene (NDUFS6
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ortholog) results in Cl being unable to incorporate the N4 iron-sulphur cluster (Kmita
et al., 2015). A patient exhibiting a ¢.343 T > C mutation (p.Cys115Arg) eliminates a
Cys of the highly conserved zinc-binding domain of human NDUFS6(Rouzier et al.,
2019). BN-PAGE investigations into muscle tissue and fibroblasts from this patient
show severe Cl deficiency using an anti-NDUFA13 antibody (Rouzier et al., 2019). It
can be hypothesised that the N module binds the Q/P intermediate such that Cl largely
assembles in NDUFS6 mutant cells. The NDUFS6 mutation of the patient in the current
project, ¢.316_319del (p.Glu106GInfs*41), precludes zinc binding and mature CI
assembly. It is hypothesised that this results in the turnover of the Q/P intermediate,
as evidenced by deficiencies in NDUFS3 and NDUFA13, to a similar degree as noted
in NDUFS2 mutant fibroblasts.
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5.4.2 Effects of MOAZ2 and a Hypothesis for A Mechanism of Action
When untreated, the NUDFS2 mutants stop proliferating in galactose media, but do

not die. Repeated media/liquid changes throughout galactose growth experiments and
IF protocols with detergent (such as Tween20), used before methanol treatment in IF
staining protocols, appear to wash off galactose incubated NDUFS2 fibroblasts from
the well bases. Galactose growth experiments without media changes show untreated
NDUFS2 fibroblasts persist to the end of the experiment, but at a greatly reduced
confluence relative to MOAZ2 treated cells, Fig. 5.4. IF images acquired with detergent
permeabilisation prior to methanol treatment exhibit reduced nuclei counts, while the
removal of this detergent treatment step removes this issue. Interestingly, the presence
of detergent during antibody treatment (4°C overnight) does not produce this issue. It
therefore follows that growth in galactose media, without MOAZ2, results in the
weakening of well adherence of NDUFS2 fibroblasts.

A partial increase in Cl assembly is noted by IF imaging with 3uM MOAZ2 treatment in
galactose media, but not glucose media. Further investigation by colleagues in
Newcastle Highly Specialised Mitochondrial Diagnostic laboratory revealed only
marginal variation in CI:Cll isolated activity ratio with 3uM MOAZ2 treatment over a four-
day period. It is hypothesised that in glucose media, NDUFS2 mutants continue to
utilise glycolysis for the majority of ATP generation, a phenomenon known as the
Crabtree effect (Marroquin et al., 2007), regardless of MOA2 application. Providing
galactose as the major carbon source results in the requirement of respiratory chain
use and subsequent OXPHOS, acting as a stimulus for the transcription of new
mitochondrial complex subunits to increase overall OCR and ATP production from the
mitochondria (Marroquin et al., 2007, Kase et al., 2013, Liu et al., 2014, Mot et al.,
2016).

A linear relationship is noted between abundancies of Cl subunits, NDUFA13 and
NDUFS3, with MOA2 doses ranging from 0.1uM to 3uM MOAZ2, Fig 5.12. Given that
Cl subunits are unstable when not fully assembled, increases in the steady-state levels

indicate increases in complex assembly.
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A statistically significant phenotypic improvement of NDUFS2 mutant fibroblasts is
noted in the galactose growth assay with 0.3uM MOA2, however, this effect is blunted
in comparison to 3uM MOAZ2 treatment, Fig. 5.4. The linear progression of increases
in NDUFA13 and NDUFS3 staining intensity (in that Cl markers are raised with 0.3uM
MOAZ2 treatment) combined with this data implies a threshold effect is present for Cl
levels in the galactose growth assay, which, once crossed allows for improvements in

proliferation rate in galactose media.

No phenotypic improvement in Cl subunit levels, by IF, is seen in NDUFS2 mutant
cells in glucose media over eight days, Fig 5.10 B i-ii. Additional investigations by the
Highly Specialised NHS Mitochondrial Disease Diagnostic Service into the effects of
MOAZ2 have been carried out. Maximal Cl activity assays have confirmed no increase
in Cl activity from NDUFS2 cells cultured in glucose media for four days. It can
therefore be proposed that the target of MOAZ2 is expressed, or is active, in NDUFS2
mutant cells as a result of increased metabolic demands, as a result of galactose media
exposure. Precisely how this effect is brought about is unknown, however, it is possible
that the target of MOAZ is not expressed under glycolytic conditions or that alterations
to the target’s action are not significant to the cellular state under these conditions, i.e.,
the metabolic stimulus of galactose media is required to stimulate Cl subunit translation

and assembly rescue is facilitated by MOAZ2 application.

Effects of MOA2 on other complexes of the mitochondrion have not been previously
shown. Immunofluorescent staining of MTCOI in SURF1 mutant fibroblasts, treated
with 3uM MOAZ2, demonstrate an improvement to CIV deficiency in these cells Fig
5.17. A bimodal distribution of data points is noted in 3uM MOAZ2 treated SURF1
mutants, it is expected that more cells will be rescued, on average, with a longer
experiment duration. A phenotypic improvement in cells harbouring a pathogenic
mutation in a mitochondrial complex other than CI precludes anything mechanism of

action hypothesis based solely on Cl assembly rescue.

Quadruple immunofluorescent analysis of NDUFS2 mutant fibroblasts revealed a
minor, yet statistically significant, reduction in SDHA staining intensity relative to wild
type cells. An increase of similar magnitude of MTCOI staining intensity is noted,
however, with greater variance. It is hypothesised that untreated NDUFS2 mutant cells

are adapting to the lack of CI activity, by modulating levels of other mitochondrial
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complexes. A 20% increase in TOM20 immunostaining intensity in NDUFS2 mutant
fibroblasts, compared to wild type controls, is also apparent. The increased TOM20
staining intensity is indicative of more TOM complex being present per unit area of
MOM relative to wild-type controls. It is possible that Cl assembly intermediates are
being continually turned over in NDUFS2 mutant cells, being an early assembly defect
(Renddn and Shoubridge, 2012), triggering an increase in protein import to replenish
them. The cycle repeats, however, as a result of the pathogenic NDUFS2 mutation,
creating a positive feedback loop for Cl subunit import.

Treatment with MOAZ2 of increasing concentrations increases the staining intensities
of SDHA, NDUFA13 and MTCOI in NDUFS2 mutant fibroblasts. This has the effect of
improving the Cl deficient phenotype present in NDUFS2 mutant cells, and results in
the abundancies of SDHA and MTCOI proteins significantly exceeding those of wild
type controls, Fig 5.28. Despite MOAZ2 increasing readouts for complexes not affected
by the NDUFS2 mutation, results are not recapitulated in Cl in wild-type fibroblasts,
Fig. 5.5-5.6. Instead, a minor, yet statistically significant, reductions in the levels of
NDUFB8 and NDUFA13 are noted in wild-type cells, subjected to MOA2 treatment, in
galactose media. Thus, improvement of the mitochondrial state due to MOA2 treatment
appears to be dependent on the presence of dysfunction and highlights the importance

of maintaining cellular homeostasis.

Due to the rapid turnover rate of unassembled Cl intermediates (Rendén and
Shoubridge, 2012) and the increased IF signals from three Cl subunits, entering the
assembly pipeline of Cl at three different points, and OCR improvements (Rai, 2017),
it can be reasoned that MOA2 treatment improves Cl assembly in NDUFS2 fibroblasts
through a currently unknown mechanism of action. Partial rescue of CIV levels in CIV
deficient fibroblasts, as measured by MTCOI immunofluorescence shows that the
effects of MOA2 are not Cl specific (section 5.3.6). It is unlikely that MOA2 serves to
trigger increases in the expression of all mitochondrial subunits, in conjunction with
galactose induced metabolic stress, due to a lack of such increases in wild type cells
(section 5.3.2, Fig. 5.5-5.7).

222



A hypothesis centring on the mitochondrial proteolytic machinery has been developed.
It is proposed that MOA2 acts to bind to a target, which causes the downstream
reduction in the rate of complex assembly intermediate degradation. Either through the
suppression of the mitochondrial protease gene transcription or through the direct
inhibition of mitochondrial protease family members, such as the MIM anchored mAAA
protease, responsible for the degradation of aberrant MIM proteins — such as ETC
components. This reduction of aberrant complex, or free unassembled subunit,
degradation could facilitate the longer time required to assemble complexes with
assembly defects, for instance, the NDUFS2 and SURF1 mutations.

Accumulation of Inhibition of mAAA-
unassembled Cl @ protease m@\
subunits ' @ . degradation allows \ lm Rapid further

activities mAAA- @ for slow (rate A assembly of Cl
protease 4 limiting) initial Q Q&‘
degradation module assembly. R

Fig 5.30. Visual aid for the representation of a mitochondrial proteolytic machinery-based hypothesis
for the mechanism of action of MOAZ2. In the present of an assembly defect, subunits of the effected
complex (Cl used as an example) accumulate. This triggers the activation of the m-AAA protease
(for example), to degrade the unassembled subunits. It is hypothesised that the inhibition of the
relevant protease (or suppression of its transcription) would allow additional time for the impaired
assembly process to occur, facilitate the rapid further assembly of the effected complex. Adapted
from (Guerreo-Castillo et al., 2017)

The re-application requirement of MOA2 indicates that either MOA2 is rapidly
metabolised by cells, or that it has a poor target affinity requiring higher concentrations
for full inhibition — though concentrations higher than 3uM have previously been shown
to be toxic (Rai, 2017). The requirement of 3uM MOAZ2, a high concentration in the
field of drug development, for phenotypic improvement indicates poor cell membrane
permeability or poor target affinity. The latter appears at odds with a hypothesis of
covalent binding; however, the molecule may need to enter a complicated binding site

(a potentially rate-limiting step) before a covalent reaction occurring.

Until the pharmacodynamics of MOAZ is improved, such that the re-application interval
is lengthened, or concentration required for action significantly reduced, experiments
commonly used to determine a drug target (such as protein pull-down) are not viable

to carry out.
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5.4.3 Phenotypic Screening

While the identification of MOA2 as a lead compound for mitochondrial complex
assembly rescue is a significant step forward for mitochondrial therapeutic discovery,
the high failure rate of putative therapeutics in the drug discovery pipeline necessitates
the identification of an excess of lead compounds. Approximately 1.75% of academic
projects yield approved therapeutics (Takebe et al., 2018) and 90% of all drug
discovery projects fail (Hingorani et al., 2019). One aim of this project was to explore
the phenotypes of the NDUFS2 mutant cell line to establish an HTS compatible assay.

Galactose Growth Assay

The galactose growth assay presents as a simple manner of identifying lead
compounds, through the exploitation of the NDUFS2 mutant fibroblasts inability to
proliferate in galactose media. A limiting factor in this method is the requirement of the
NDUFS2 mutant cells to be seeded into multi-well plates in glucose media. Seeding in
galactose media was explored but was not successful (data not shown). Sterile
automated plate washers, permanently situated in class Il microbiological safety
cabinets, would be required to facilitate the glucose to galactose media change in an
HTS assay. This additional process could introduce increased variability in assay
results. Nevertheless, a protocol was optimised for the assessment growth rescue of
NDUFS2 mutant fibroblasts with MOA2, with the view of using MOA2 as a positive
control, due to NDUFS2 mutant fibroblasts dosed with MOA2 achieving similar
confluences to their glucose cultured counterparts over long culture periods, Fig. 5.2.

Favourable Z' scores were obtained between untreated and treated NDUFS2
fibroblasts in galactose media, however, the requirement of MOA2 re-application, Fig.
5.4, complicates the experiment. Disturbing cells during the experiment causes a
decrease in detected cell confluence and results in minor shifts in fields of view, such
that the areas assessed are not consistent throughout the experiment. Designating
MOA2 as a positive control for galactose growth rescue of Cl deficiency is
inappropriate. Despite demonstrating cell survivability in galactose media, the rate of
proliferation is substantially lower than glucose cultured NDUFS2 fibroblasts.
Ultimately, the long experiment duration and low sample throughput of the galactose
growth assay resulted in it not being pursued for HTS protocol development.
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Immunofluorescent Labelling of Mitochondrial Respiratory Complex Subunits

It was hypothesised that the partial phenotypic rescues noted in the previous assays,
galactose growth and SEFA (Rai, 2017), was due to the amelioration of the CI
assembly defect of the NDUFS2 mutant fibroblasts. To address this hypothesis in an
HTS compatible manner, immunofluorescent microscopy using the Zeiss Cell
Discoverer Series 7 high throughput widefield microscope was employed. This system
allows for the rapid imaging of multiple 384 well plates.

The aims in using IF imaging was two-fold: the assessment of the effects of MOAZ2,
establishing an HTS viable method for the identification of putative therapeutics for ClI
deficiency. As discussed in 5.4.2, IF methods demonstrated the multiple effects of
MOAZ2 in rescuing Cl, and subsequently CIV, defect in relevant cell lines. The method
was optimised to achieve Z' scores of greater than 0.5 for immunostaining for
NDUFA13 and NDUFS3 using NDUFS2 mutant fibroblasts as a model of Cl deficiency.
Wild-type cells were used as a positive control in this Z’ calculation as MOA2 does not
restore complex levels to those of wild type cells.
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5.4.4 Potential for Diagnostic Applications

An additional application of the developed IF methodology was established (a potential
contribution to diagnostics) due to the finding that a single immunostaining method
yielded favourable results for TOM20, CI, Cll and CIV co-staining.

Quadruple immunofluorescence is an established diagnostic method for the
quantification of Cl and CIV in muscle fibres, using NDUFB8 and MTCOI staining
(Rocha et al., 2015, Ahmed et al., 2017, Alston et al., 2017). Immunological staining,
on the level of cells as opposed to muscle sections, has previously been qualitatively
explored in 2002 (Hanson et al., 2002), to confirm the presence of defects. The
advancement of microscopy and automatic data processing technology in the last two
decades now facilitates the rapid quantitative profiling of cells for diagnostic purposes.

While a phenotypic recovery of NDUFS2 cells with MOA2 treatment was observed in
media using galactose as a carbon source, as opposed to glucose, biochemical
defects are detectable when cells were cultured in the latter. This is highly favourable
as many mitochondrial disease cells are unlikely to retain viability in a metabolically
challenging environment, such as galactose media. To quantify biochemical burden,
cells can be seeded into multi-well plates in glucose media and fixed 24 hours later —
to allow for cell adherence to the well base. Seeding densities of 2,000 cells per well
can be used in this manner, resulting in the requirement of 5x10* cells, in total, for 25
replicate wells. In contrast, over ten times the number of cells are required for gel-
based techniques such as SDS-PAGE and western blotting to acquire a single data
point (Taanman et al., 1997, Tuppen et al., 2010). Further replicates can easily be
added as required in multi-well plate-based IF methods. Cells from multiple patients
can be assessed at once alongside internal controls (either wild type, positive, or a cell

line with a confirmed biochemical defect, negative) for the proteins of interest.
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5.5 Future Work
5.5.1 Phenotypic Screening

Immediate future work centres on the application of the IF methods optimised in this
project for the identification of a new hit compound for Cl rescue. While methods
explored early in the project (galactose growth assay and SEFA) are unsuitable for
HTS, they remain relevant for use as secondary assays of hits identified in high-
throughput primary screens. Confirmation of lead compound activity is vital before

extensive mechanistic elucidation work is undertaken.

5.5.2 Expansion of IF Staining Panel and Validation Against Current Methods

of Mitochondrial Disease Diagnosis

Currently, muscle section methodologies, as well as the IF methods optimised in this
project, focus on defects in Cl and CIV, being the two most common biochemical
defects in the mitochondrial disease patient population. It is envisaged that additional
protein targets, such as UQCRC2 and ATP50, can be fluorescently immunolabelled
in specific cases in which rare defects in Clll and CV are suspected — pending

optimisation of relevant antibodies.

Once optimised, a single analysis plate can be probed for multiple targets as a result
of the compartmentalised nature of multi-well plates. For example, half of a plate can
be stained for TOM20, SDHA, NDUFA13 and MTCOI, while the other could be stained
for TOM20, SDHA, UQCRC2 and ATP50. Additional segmentation of a plate could be
incorporated to probe mtDNA count or a marker of gene expression, using anti-DNA
or anti-TFAM antibodies. Four subsections of a 384 well plate allows for 96 wells to be
used between suspected disease and control cells, facilitating 48 replicates of each.
The proposed staining panels could provide an overview of mitochondrial health of a
patient, quantifying subunits from every complex of the electron transport chain, CV
and two mtDNA markers in high replicate numbers. This outlined analysis is projected
to require approximately 4x10° patient cells, when seeded at 2,000 cells per well
(approximately one confluent T25 cell culture flask), in a single rapid turn-around

experiment.
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While this project has demonstrated the use of a novel immunofluorescent method for
the quantification of deficiencies in three cell lines (two immortalised and one primary),
many more validation experiments are required to confirm the complete accuracy of IF
at the cellular level in detecting mitochondrial defects. It is suggested that multiple
mitochondrial disease mutations are assessed in the form of cell cultures, with
matched muscle biopsies, from patients diagnosed with mitochondrial disease
originating from both nuclear and mtDNA mutations. In this manner, |IF assessment of
cell lines can be performed alongside SDS- and BN-PAGE gels with muscle section
quadruple immunofluorescent and histochemical experiments. Results can then be
compared to confirm, or invalidate, the application of the IF method in the diagnostic
field.

While a skin punch biopsy, required for the collection of patient fibroblasts, is classified
as invasive (Fernandes et al., 2016), itis less severe than open surgical muscle biopsy
methods. In the future, the optimisation of immunofluorescent protocols in cells more
easily collected, but still representative of patient condition, would further improve the

patient experience.

5.5.3 Mass Metabolic Profiling of the Ageing Population

It is hoped that the optimised screening method will be utilised in the search for
mitochondrial disease therapeutics and eventually, if fully validated, for mitochondrial
disease diagnostics. However, due to its high throughput nature, it could also evolve
out of this specific niche. The assessment of Cl and CIV levels in the elderly could
provide a means of identifying metabolic dysfunction from accumulated mitochondrial
mutations (Chistiakov et al., 2014, Lane et al., 2015, Srivastava, 2017, Huang et al.,
2019), a major risk factor associated with cancers (Wallace, 2012, Pavlova and
Thompson, 2016), and neurodegenerative diseases (Bender et al., 2006, Lane et al.,
2015, Chen et al., 2019b), to allow for early detection and intervention in diseases of

advanced age.
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5.5.4 Mechanistic Elucidation of MOA2
Prior to mechanistic elucidation, the pharmacodynamics of MOA2 need to be

improved, as measured by a reduction in dosing interval or concentration required. An
improved target binding affinity would allow for protein pull-down experiments to be
conducted to identifying a target protein. Structure-activity relationship (SAR) analysis
is currently underway, in collaboration with an industrial partner, with the goal of
lowering the concentration required for phenotypic improvement. It is hoped that the
galactose growth and IF assays developed in this project will act to accelerate the rate
putative drug assessment, beyond that of previously established seahorse

extracellular flux analysis assays.
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5.6 Conclusion

This project has developed a high-throughput screening method for the quantification
of NDUFA13 and NDUFS3 abundancies in cell lines. Further, this method was adapted
into a quadruple immunofluorescent protocol for the quantification of CI, Cll and CIV
abundancies within a mitochondrial mask. Both techniques, Cl specific and quadruple
IF, were used to assess the effects of a lead compound for Cl deficiency phenotypic
rescue, MOA2, in an NDUFS2 mutant fibroblast cell line. Further investigations also
demonstrated the potential therapeutic effects of MOA2 on CIV deficient cells. Both
immunostaining protocols were also shown to be viable in primary, patient-derived,
NDUFS6 mutant fibroblasts. It is hoped that the protocol undergoes further
optimisation and validation for use in the mitochondrial disease diagnostic field, with
potential future applications in mitochondrial health screening in the ageing population.
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Chapter 6:

Final Discussion
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6.1 Development of a Screening Pipeline for the Identification of Agents Capable

of Inducing Mitochondrial Biogenesis

Mitochondrial biogenesis has long been hypothesised as a potential therapeutic
pathway for mitochondrial diseases, with the potential relevance to a wide variety of
more common human diseases (Komen and Thorburn, 2014, Lightowlers et al., 2015,
Ploumi et al., 2017), see section 1.7.3. While the pathways controlling mitochondrial
biogenesis have been well characterised (Scarpulla, 2002, Scarpulla, 2008, Hock and
Kralli, 2009, Eichner and Giguére, 2011, Fernandez-Marcos and Auwerx, 2011,
Andreux et al., 2013, Cerutti et al., 2014, Khan et al., 2014), the manner in which they
interconnect and influence each other is a matter of great complexity, yet to be fully
elucidated. Therefore, phenotypic screening presents as a more reliable method of
lead discovery than target-directed efforts. A precise definition of what constitutes
mitochondrial biogenesis has also proven troublesome to establish, due in part to the
great number of parameters that can be associated with it. These include mtDNA
content, mitochondrial membrane potential, mitochondrial membrane area/volume,
mitochondrial protein content, oxygen consumption rate assays and protein or mRNA
quantification and post-transcriptional state of key proteins involved in mitochondrial
biogenesis pathways: for example, PGC-1a. This project aimed to identify agents
capable of inducing mitochondrial biogenesis, in as full of a capacity as possible,
through the assessment of multiple parameters listed above. In screening for
improvements in multiple facets of mitochondrial biogenesis the current project
increased the likelihood of identifying agents, which can elicit functional improvements
and that potentially hold therapeutic value.

The project successfully optimised a high throughput flow cytometric screen for the
assessment of m-GFP (mitochondrial mass) and TMRM (membrane potential) in a
K652 lymphoblastoma cell line. A suspension-cultured cell line was specifically chosen
for ease of use in a flow cytometry assay. A precedent for the use of both m-GFP and
TMRM in the assessment of mitochondrial mass is present in the literature (Scaduto
and Grotyohann, 1999, Nilsson et al., 2015). Additional assays for mtDNA count
(gPCR) and immunofluorescent analysis of mean TOM20 staining intensity (an
indicator of protein import and mitochondrial mass), mitochondrial area per cell and
per unit cell area (physical mitochondrial network size), mean mitochondrial length
(mitochondrial network interconnectivity) and TFAM immunofluorescent spot count

(indictor of mtDNA and its transcription) were also employed. This project did not
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explore gel-based, transcriptomic or proteomic experiments due to their incompatibility
with high throughput work. During the process of establishing the assays outlined
above, putative hits for mitochondrial biogenesis, from an ultra-high-throughput
bacterial library screen at Nanna Therapeutics, were assessed for MB effects. The
novel use of transposon mutagenesis enabled the exploration of gene overexpression,
truncation or knockout, across the entire genomes of bacteria (section 3.3.1). Billions
of clones were created as a result, all of which were subjected to Nanna Therapeutics
unique ultra-high-throughput flow cytometry-based screening method — using TMRM
fluorescence as a readout. Following secondary screening and hit selection steps, a
total of ten bacterial extracts were identified to yield significant, dose-dependent,
increases in multiple mitochondrial biogenesis readouts. The ten extracts were
prioritised, controlling for the dose required for maximal efficacy towards mitochondria
density, for future work. This future work will focus on active compound identification,

purification and validation.

The primary limitation of the work presented here centres around the functional
implications of hit extracts. Firstly, experiments that quantify changes in OCR or
enzymatic activity were omitted from assay development experiments, due to their
incongruence with high throughput work. As a result, none of the hit bacterial extracts
have yet been assessed for their ability to induce functional enhancements in human
cells as a result of the mitochondrial proliferation effects. Secondly, all experiments
have been conducted in wild-type cells, without exposure to a mitochondrial insult.
Therefore, it remains unknown whether the application of mitochondrial biogenesis
inducing extracts can ameliorate deleterious phenotypes. Such experiments were
purposely reserved for active compound isolates from hit bacterial extracts to expedite
screening progress. Since the identification of active extracts, functional assays in
disease models have not been carried out, due to the caseation of the collaboration
between Nanna Therapeutics and WCMR.

Should future screening work be conducted, throughput could potentially be enhanced
by incorporating anti-DNA antibody staining into immunofluorescent analysis, to mark
mtDNA, in place of gPCR experiments. Doing so would essentially combine data
collection presented in sections 3.3.4 and 3.3.5 into a single assay. Confirmatory g°PCR
analysis could later be used on cells dosed with hit extracts, to validate hit from such

immunofluorescent investigations.
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The immediate implications of the identification of the active bacterial extracts currently
reside solely in the pre-clinical research space. Many more years of work are required
to produce a full characterisation of the active component(s) of each extract identified
herein. Active compounds must then pass through the rigorous clinical trial pipeline, in
which the failure rate remains high (Takebe et al., 2018, Hingorani et al., 2019), to be
approved for use in human patients. It is hoped that the work conducted in this project
will, in time, result in the addition of numerous lead compounds to the roster of those

under clinical assessment (Russell et al., 2020).
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6.2 Therapeutic Prospects of Mitochondrial Turnover

As discussed in 6.1, mitochondrial biogenesis has been under investigation for several
years as a potential line of inquiry for treating mitochondrial diseases. Perhaps
counterintuitively, mitophagy (the degradation of mitochondria) has also recently come
under investigation. To investigate the interplay between mitochondrial biogenesis and
mitophagy, a pilot experiment using mitoQC expressing fibroblasts (McWilliams et al.,
2016b) was employed to assess mitophagy rate, in the form of % mitophagy (Bell,
2020). The resultant imaging showed decreases in % mitophagy readouts, as a result
of exposure to bacterial extracts capable of increasing net mitochondrial mass. Given
the range of effects on % mitophagy by these extracts, which result in consistent
mitochondrial mass increases, it can be suggested that a combination of biogenesis
stimulation and mitophagy suppression is being triggered. Both extract 2.1.85, and
2.1.92, induced mitochondrial mass increases of over 30% at a 1:1 dilution in cell
culture media (section 3.3.7) but caused mitophagy suppression of 76% and 26%
respectively (section 4.4). The similarity of mitochondrial mass increases, but the
disparity of mitophagy rates suggests different mechanisms of action for extracts
2.1.85 and 2.1.92. However, this also raises the possibility of inducing significant
mitochondrial mass increases, with minor effects on mitophagy, through increased use
of mitochondrial biogenesis induction over mitophagy inhibition, in extract 2.1.92 for
example. Such as prospect could be used to stimulate mitochondrial mass turnover
during mitochondrial biogenesis. This presents as a potential means for the selective
removal of dysfunctional mitochondria, via membrane potential dependent mitophagy
pathways — section 1.5.2, without lowering mitochondrial mass.

Replicate analysis of the extracts using mitoQC techniques is required to confirm the
observations of the pilot experiment. It is also suggested that a series of time-course
experiments are used to assess how mitophagy rate changes during, and after, extract
exposure. A suggested hypothesis is that mitophagy will no longer be suppressed after
extract removal, thereby mitochondrial mass would return to a basal level,
necessitating continuous extract exposure to maintain the increased mitochondrial
mass. Further investigations were not carried out during the current project, due to the
caseation of the collaboration between Nanna Therapeutics and WCMR.
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6.3 Development of an Immunofluorescent Method for Mitochondrial Defect

Quantification and Phenotypic High Throughput Screening

The development of a novel immunofluorescent microscopy method, in the current
project, for the high throughput assessment of Cl and CIV levels within fibroblasts
opens possibilities for the screening of large compound libraries for novel lead
identification. It could also potentially be used in mitochondrial disease diagnosis.
Whole-genome sequencing (WGS) has rapidly become the primary means of
mitochondrial disease diagnosis, the rate-limiting factor for clinical diagnoses is now
confirmatory assays that assess patient samples for deficiencies in mitochondrial
complexes (Schon et al., 2020). Mitochondrial disease patients consult eight clinical
professionals on average, during which time 70% will undergo muscle biopsy and more
than half will be misdiagnosed before being correctly diagnosed with a mitochondrial
disease. Furthermore, difficulty in correctly identifying the need for WGS early in the
diagnostic process can also introduce delays (Grier et al., 2018). Current assays for
mitochondrial complex abundancies use muscle analysis or gel-based methods, which
limit sample throughput and can require invasive muscle biopsy procedures. It is
envisaged that high throughput immunofluorescent techniques can aid in the
diagnostic process, pending further validation against patient muscle tissue
immunohistochemical analysis and other gold-standard techniques.

Should readily available cells be viably collected for analysis, the immunofluorescent
analysis described in this project has the potential to be applied to the screening of the
wider population, particularly in those of advanced age, to aid in the early identification
of mitochondrial defects associated with common conditions of advanced age: cancers

and neurodegenerative diseases.

The novel immunofluorescent method has also been applied to the development of a
current lead compound of pharmaceutical interest: MOA2. The method has
demonstrated the dose-dependent partial rescue of deficient complexes in Cl, and CIV,
deficient mitochondrial disease patient-derived cell lines. Lead optimisation
experiments based on the structure of MOA2 are currently underway, to both discover
a more potent lead and to contribute to the mechanism of action studies for this drug.
The novel immunofluorescent method has significant potential applications in this
endeavour, through being employed for the assessment of derivative compounds.
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6.4 Final Conclusion

After decades of severely limited treatment options, the consistent application of
innovation in the field of metabolic dysfunction, and mitochondrial disease, therapeutic

discovery is expected to yield therapeutic new options in the future.

The current project has increased the pool of potential lead compounds by identifying
ten bacterial extracts capable of increasing multiple parameters associated with
mitochondrial mass. Active compounds within each extract require purification, activity
confirmation and mechanistic elucidation, followed by pre-clinical trials before
advancing to a clinical stage. It is hoped that the induction of mitochondrial biogenesis
will mature into a widely relevant treatment option for those suffering from metabolic

dysfunction and mitochondrial diseases.

This current project has further yielded a novel high throughput screening method for
the identification of compounds capable of rescuing Cl and CIV deficiencies. The
method was employed against a current lead compound (MOA2) and demonstrated
its ability to partially rescue Cl and CIV levels, in relevant deficient cell lines. The
method will next be employed in the lead optimisation of MOA2 and to aid in the
elucidation of its mechanisms of action. Pending future positive pre-clinical and clinical
investigations, it is hoped that a high potency derivative of MOA2 will be safely

available as a treatment for biochemical defects in human patients.
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Chapter 7:

Appendices
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7.1. Appendix A. Analysis code used in R Studio to process all flow cytometry
screening data, Chapter 3. Originally authored by Dr J. Grady, Institute of
Neuroscience, Newcastle University; optimised for use in this project.

library(reshape?2) library(plyr) library(ggplot2)
library('xIsx")

library(gridExtra)

library(grid)

library(ggplot2)

#library(lattice)

#CHANGE DESINATION FOLDER FOR EACH RUN
z <- read.csv(FILE LOCATION, stringsAsFactors = F) chans <- c('488','561")
my_theme <- theme_bw() +

theme(panel.border = element_blank())+
theme(axis.line.x = element_line(color = 'black’)) +
theme(axis.line.y = element_line(color = 'black’)) +

theme(text = element_text(size=16))+ theme(strip.background = element_blank())+ theme(legend.key
= element_blank())

z$ndc <- substr(z$Tube.Name, 1, 3 ) == 'NDC'

n <- subset(z, ndc == T) d <- subset(z, ndc == F)

d1 <- merge(n, d, by = c('Group'), suffix=c('.N',".D"))

dspl <- Idply(chans, function(x){ cols <- c('Group','Tube.Name.D',

paste('mean_’, x,".N',sep="), paste('sd_’, x,".N',sep="), paste('mean_’, x,".D',sep="), paste('sd_’,
x,".D',sep="))

dx <- subset(d1, select = cols)

#Correct D by N

names(dx) <- c('grp','sample’,'m_n",'sd_n''m_d','sd_d') dx$mean <- with(dx, (m_d - m_n)/sd_n)
dx$sd <- with(dx, sd_d/sd_n)

dx$chan <- x

return (dx[,c('grp’,'sample’,'chan’,'mean’,'sd')]) })

d1 <- merge(subset(dspl, chan==chans[1]), subset(dspl, chan==chans[2]), suffix = paste('.",chans,
sep="), by = c('grp','sample’))

d1$Compound <- as.factor(sapply(d1$sample, function(x)
return(unlist(strsplit(as.character(x),”_")[111[1]))))

d1$Dose <- as.numeric(sapply(d1$sample, function(x)
return(unlist(strsplit(as.character(x),"_")[1]1[2]))))

#CHANGE DESINATION FOLDER FOR EACH RUN
lookup <- read.csv(FILE LOCATION, stringsAsFactors=F)
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d1 <- merge(d1, lookup, all.x=T)
d1$C_Name <- d1$C_Name

d1[is.na(d1$C_Name),'C_Name'] <- as.character(d1[is.na(d1$C_Name),'Compound']) int_f <-
function(x, mu1, mu2, sd1, sd2) {

f1 <- dnorm(x, mean=mu1, sd=sd1)

f2 <- dnorm(x, mean=mu2, sd=sd2)

pmax(f2 - f1,0) #If f2 > f1 then the difference between them, otherwise 0 }
figs <- list()

for (row in 1:nrow(d1)) {

intervals <- list(c(0,1),c(1,2),c(2,10),c(10,Inf))

ul <- Idply(chans, function(x}{

mean_str <- paste('mean.’,x,sep=")

a <- sum(unlist(lapply(intervals, function(intvl)

round(integrate(int_f, intvi[1], intvI[2], mu1=0, mu2=d1[row, mean_str],
sd1=1,

sd2=d1[row, paste('sd.’,x,sep=")], subdivisions = 10000L )$value*100,1))))
b <- sum(unlist(lapply(intervals, function(intvl) round(integrate(int_f, -intvI[2], -intvI[1], mu1=0,
mu2=d1[row, mean_str],

sd1=1,

sd2=d1[row, paste('sd.’,x,sep=")], subdivisions = 10000L )$value*100,1))))
return (data.frame(chan = x, upr = a, lwr=b, mean=d1[row, mean_str])) })
ul$height <- c(0.42, .46)

ul$sample <- d1[row,'sample'] ul$Compound <- d1[row,'C_Name']
ul$Dose <- d1[row,'Dose']

ul$Group <- d1[row,'grp']

p<-

ggplot(data.frame(x = c(-12, 12)), aes(x)) +

stat_function(fun=dnorm, color="darkgrey" linetype='dotted’)+ theme(legend.position="none")+
my_theme +

annotate("text",x=5.8,y=0.5,hjust=1,size=5,label=paste(d1[row, 'C_Name'],d1[row, 'Dose")) +
scale_color_manual(values=c('#00AAQ00','"#AA0000")) + ylab(")+xlab(")+

theme(text = element_text(size=10)) + scale_y_continuous(labels = NULL)+ylim(0,0.5)

p <- p + geom_text(x=5.8,hjust=1,size=5, data=ul, aes(color=chan, y=height, label=paste(chan, ',
Iwr,'% ',upr,'%',sep=")))

p <- p + stat_function(fun=dnorm, aes(color=chans[1]), args = list(mean=d1[row,
paste('mean.',chans[1],sep=")], sd=d1[row, paste('sd.',chans[1],sep=")]))
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p <- p + stat_function(fun=dnorm, aes(color=chans|2]), args = list(mean=d1[row,
paste('mean.',chans[2],sep=")], sd=d1[row, paste('sd.',chans[2],sep=")]))

P
# p <- p + liply(chans, function(chan){})
p$ul <- ul figs[[row]] <- p }

#CHANGE DESINATION FOLDER FOR EACH RUN pdf(‘FILE LOCATION’,width=30, height=150)
do.call("grid.arrange", c(figs, ncol=5))

dev.off()

#Scatter plot

vals <- Idply(figs, function(x){
d <- x$ul

return (d) })

vals$shift <- with(vals, upr-lwr)

data_wide <- dcast(vals, Group + Compound + Dose ~ chan, value.var="shift") names(data_wide) <-
c('Group','Compound','Dose’,'MTG', TMRM")

d <- data_wide d$Group<-as.factor(d$Group)

cols <- rep(c("#BF4DA4D", "#BFBF4D", "#4DBF4D", "#4DBFBF", "#4D4DBF", "#BFADBF", "#FAAABF",
"#DF5B3A","#000000", "#E6IF00", "#56B4E9", "#009E73", "#FOE442", "#0072B2", "#D55E00",
"HCC79AT","#999999", "#EGIF00", "#56B4E9", "#O09E73", "#FOE442", "#0072B2", "#D55E00",
"#CC79A7"),10)

p<-

ggplot(data=d, aes(x=MTG,y=TMRM,color=Compound)) + geom_point(alpha=0.8,size=4,) +
#geom_text(size=3,color="black",aes(label=Compound, x=MTG.delta+.1, hjust=0))+

geom_vline(color="red",xintercept=0)+geom_hline(color="red",yintercept=0)+my_theme +
xlab("COXVIII GFP Shift")+ ylab("TMRM Shift") + xlim(-100, 100) + ylim(-100, 100)+

theme(axis.text=element_text(size=8),axis.title=element_text(size=10), legend.position="none") +
scale_shape_manual(values=c(0,1,2,3,4,5,6,7,8,9)) +

#scale_shape(solid=TRUE) + geom_text(aes(label=Dose),color="white",size=1)+
scale_colour_manual(values=cols)+coord_fixed()

#CHANGE DESINATION FOLDER FOR EACH RUN pdf(‘FILE LOCATION.pdf, width=15, height=10)
print(p)

dev.off()

#CHANGE DESINATION FOLDER FOR EACH RUN pdf(‘FILE LOCATION.pdf ,width=70, height=50)
print(p +facet_wrap(~Compound, ncol=10)) dev.off()

#CHANGE DESINATION FOLDER FOR EACH RUN pdf((‘FILE LOCATION.pdf' ,width=7.5, height=5)

histTMRM<-hist(d$TMRM, breaks=20, freq=FALSE, xlab="TMRM increase", main="Distribution of
TMRM signal")

histGFP<-hist(d$MTG, breaks=20, freq=FALSE, xlab="GFP increase", main="Distribution of GFP
signal")

dev.off()
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#CHANGE DESINATION FOLDER FOR EACH RUN write.csv(d, file = "(‘FILE LOCATION.csv'", )

MTG95<- subset(d, subset=(d$MTG >quantile(d$SMTG, c¢(0.95)))) MTG75<- subset(d, subset=(d$MTG
>quantile(d$MTG, ¢(0.75))))

TMRM95<- subset(d, subset=(d$TMRM >quantile(d$TMRM, ¢(0.95)))) TMRM75<- subset(d,
subset=(d$TMRM >quantile(d$TMRM, ¢(0.75)))) #CHANGE DESINATION FOLDER FOR EACH RUN

write.csv(MTG95, file = "(‘FILE LOCATION.csv™, )

write.csv(MTG75, file = "(‘FILE LOCATION.csv™, ) write.csv(TMRM95, file = "(‘FILE LOCATION.csv’™",
) write.csv(TMRM75, file = "(‘FILE LOCATION.csv'™", )

shapiro.test(d$TMRM) qgnorm(d$TMRM)
shapiro.test(d$MTG) qgnorm(d$MTG)
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Fold Change in TMRM Fluorescent Intensity from Undosed Controls
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7.2. Appendix B — Average fold change in markers for mitochondrial mass and membrane potential for all putative hit bacterial
extracts received from Nanna Therapeutics. Wells containing TMRM stained, m-GFP expressing K652 cells treated with individual
extracts were prepared and subjected to flow cytometry analysis as described in section 2.3.3. Colours denote different samples within
each plot, each point represents an average reading from approximately 10,000 events from a single well of a 96-well plate in biological
triplicate. Plots represent data from plates 2.1-2.4, left to right.
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Fold Change in TMRM Fluorescent Intensity from Undosed Controls
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7.2. Appendix B continued — Average fold change in markers for mitochondrial mass and membrane potential for all putative hit
bacterial extracts received from Nanna Therapeutics. Wells containing TMRM stained, m-GFP expressing K652 cells treated with
individual extracts were prepared and subjected to flow cytometry analysis as described in section 2.3.3. Colours denote different samples
within each plot, each point represents an average reading from approximately 10,000 events from a single well of a 96-well plate in
biological triplicate. Plots represent data from plates 3.1-3.4, left to right.
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7.3. Appendix Ci Changes in parameters associated with increases in mitochondrial mass, by immunofluorescent staining, in
fibroblasts incubated in hit extracts — Graphical representation of mean mitochondrial mass per unit cell area (mitochondrial
density) in cells incubated in hit extracts, relative to no dose controls, n=16 images per condition. Each box within the plot panels
contains a histogram (dark bars) showing the distribution values from individual images. A solid black line indicates the mean reading from
no dose controls (DMEM only), dotted lines indicate the interquartile range of readings from no dose controls. All data has been normalised
to the mean of no dose control cells and presented as a fold change. P<0.05: *, P<0.01: **, P<0.001: ***
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7.3. Appendix Cii Changes in parameters associated with increases in mitochondrial mass, by immunofluorescent staining, in
fibroblasts incubated in hit extracts — Graphical representation of mean mitochondrial mass per cell in cells incubated in hit
extracts, relative to no dose controls, n=16 images per condition. Each box within the plot panels contains a histogram (dark bars)
showing the distribution values from individual images. A solid black line indicates the mean reading from no dose controls (DMEM only),
dotted lines indicate the interquartile range of readings from no dose controls. All data has been normalised to the mean of no dose control
cells and presented as a fold change. P<0.05: *, P<0.01: **, P<0.001: ***
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7.3. Appendix Clll Changes in parameters associated with increases in mitochondrial mass, by immunofluorescent staining, in
fibroblasts incubated in hit extracts — Fig. 3.15. Graphical representation of TFAM immunofluorescent stained area per cell in
cells incubated in hit extracts, relative to no dose controls, n=16 images per condition. Each box within the plot panels contains a
histogram (dark bars) showing the distribution values from individual images. A solid black line indicates the mean reading from no dose
controls (DMEM only), dotted lines indicate the interquartile range of readings from no dose controls. All data has been normalised to the
mean of no dose control cells and presented as a fold change. P<0.05: *, P<0.01: **, P<0.001:; ***
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7.4. Appendix D - Columbus Image Quantification for Mitochondrial Area Per Unit
Cell Area and TFAM Spot Count Per Cell. The default Columbus pipeline used in the
quantification of TOM20 and TFAM immuno-stained areas in fibroblasts. Showing A,
image import. B &C, nuclei and cytoplasm detection forming a cell mask. D & E, signal
filtering of TOM20 and TFAM immuno-stained signals. F & G, detection of TOM20 and
TFAM immuno-stained area. H, quantification of TOM20 immuno-stained area within
cytoplasm area. |, quantification of TFAM immuno-stained area within TOM20 area. J,
raw data output and normalisation to cell area and number.
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7.5. Appendix E. Columbus Image Quantification for Cl (NDUFA13), Cll (SDHA),
CIV (MTCOI) within TOM20 positive area (mitochondrial mask). Wild Type
Fibroblasts are presented as an example. A) Input Image. TOM20 (AF405), SDHA
(AF488), NDUFA13 (AF546, MTCOI (AF647). B) Imaging Filtering for Ridge Structures
in Each Channel; Kernel normalisation. C) Selection of TOM20 area. Selection of POI
signal within TOM20 Area. D) Quantification of Pixel Intensity Totals (sum) Selected
POI Areas. E) Normalisation of Pixel Intensity Totals (sum) to Mitochondrial Area and
Data reporting
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