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Abstract

Numerous genes and biological pathways are implicated in the aetiology of the
neurodevelopmental disorder, autism spectrum disorder (ASD). Our research group reported
that mitochondrial dysfunction was associated with ASD in South African children diagnosed
with ASD using differential methylation and metabolomics studies. Propionyl-CoA Carboxylase
Subunit Beta (PCCB) was differentially methylated in our cohort ASD study, and its
dysregulation can lead to the accumulation of propionic acid. This links PCCB’s function to a

well-established animal model that uses sodium propionate (NaP) to study ASD in rats.

This thesis aimed to i) examine ASD-associated mitochondrial dysfunction in a neuronal-like
cell model using NaP and to investigate its effects on mitochondrial dynamics and
morphology; ii) investigate the application of this in a South African ASD cohort by measuring

differential methylation of essential genes involved in mitochondrial dynamics.

Undifferentiated, neuronal-like SH-SY5Y cells were treated with NaP at 1.5mM, 3mM and
5mM to induce mitochondrial stress. The effects of NaP mitochondrial-induced stress were
quantified using MTT and ATP assays. Transmission electron microscopy (TEM), using
cryogenic techniques, was used to examine mitochondrial morphology by measuring nine
parameters: area, area?, form factor, area-weighted form factor, aspect ratio, perimeter,
circularity, Feret’s diameter and roundness. TEM images were analysed using Fiji/Image J.
Mitochondrial DNA (MT-DNA) copy number and STOML2 expression were measured using RT-
gPCR, and these data were compared to TEM data. STOML2 was the most differentially
methylated gene in our ASD cohort in our previous study. Differential methylation of six
essential genes (DRP1, FIS1, MFN1, MFN2, OPA1, STOML2) involved in mitochondrial fusion
and fission were examined using targeted next-generation bisulfite sequencing (tNGBS)
between ASD and control participants in a South African cohort. Significance for all
experiments was determined using unpaired t-tests, one-way ANOVA and correlation analysis

(p<0.05).

SH-SY5Y cells treated with NaP showed mitochondrial dysfunction as reflected in changes in
ATP levels and no changes in cell viability were observed except at 9mM NaP. In addition, NaP

treatments led to significant changes in mitochondrial morphology with significant decreases
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in mitochondrial area, perimeter, form factor and Feret’s diameter between NaP treatments
and control and a significant increase in circularity. These changes in morphological data were
supported by a significant increase in MT-DNA copy number at 5mM and significant decreases
in STOML2 expression at all concentrations. Together, the TEM and expression data highlight
the balancing act between mitochondrial fusion and fission, with increasing levels of fission
occurring with increasing NaP concentrations. In the South African cohort, there were
significant differences in methylation between the ASD group compared to controls at two
CpG sites in MFN2, two CpG sites in STOML2 and one CpG site in FIS1 (significant increases)
and two CpG sites in OPA1 (significant decreases). The increase in FIS1 and decrease in OPA1
methylation are consistent with this balancing act between mitochondrial fusion and fission

in mitochondrial dysfunction in this cohort.

These results suggest a potential link between mitochondrial dysfunction and the fluctuation
in mitochondrial dynamics and morphology. The inclusion of TEM demonstrates its unique
ability to visualise mitochondrial ultrastructure and the effect changes in mitochondrial
dynamics have on morphology as opposed to only examining these changes through gene
expression and metabolic assays. Although the exact relationship between the TEM and gene
expression data could not be fully explained in this study, it highlights the need to explore
further the relationship between mitochondrial dynamics, biogenesis and mitophagy in the

context of ASD aetiology and neuronal development.
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Chapter 1

Literature Review

1.1. Introduction

The roles assigned to mitochondria in cellular functioning are constantly evolving.
Mitochondria are known primarily for producing adenosine triphosphate (ATP). However,
their other functions include calcium signalling and apoptosis, confirming mitochondria's
dynamic capabilities. Proper mitochondrial morphology, driven by mitochondrial dynamics, is
often overlooked but is imperative to mitochondrial and cellular function. The shape,
connectivity and cristae structure of mitochondria are essential in generating energy and

ensuring mitochondrial survival (Belenguer et al., 2019; Wang et al., 2021).

Mitochondrial dysfunction has been implicated in many neurological disorders, from
psychiatric disorders, such as bipolar disorder and depression, to neurodegenerative
(Parkinson’s disease and dementia) and neurodevelopmental disorders (Mattson, Gleichmann
and Cheng, 2008). In addition, efficient mitochondrial function is crucial in neurons for

neurogenesis, plasticity and function (Rugarli and Langer, 2012; Rangaraju et al., 2019).

The neurodevelopmental disorder autism spectrum disorder (ASD) has been associated with
mitochondrial dysfunction (Siddiqui, Elwell and Johnson, 2016; Griffiths and Levy, 2017; Frye
et al.,, 2021). Recently, the Diagnostic and Statistical Manual of Mental Disorders (DSM-5t
edition) merged autism, Asperger’s syndrome, pervasive developmental disorder and
childhood disintegrative disorder into ASD to reflect the overlapping characteristics of
individuals diagnosed with these disorders. Usually diagnosed during early childhood, ASD
behaviours impair social and occupational functioning (American Psychiatric Association,
2013). ASD individuals often display co-morbidities with other neurodevelopmental or health
conditions such as gastrointestinal disorders or metabolic disorders (Al-Beltagi, 2021).
Mitochondrial dysfunction could explain a wide range of the symptoms associated with ASD

(Frye and Rossignol, 2011).
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1.2. Mitochondrial function

The primary role of mitochondria is to generate energy in the form of ATP, primarily through
oxidative phosphorylation, driven by the four electron transport chain (ETC) complexes
housed in the inner mitochondrial membrane (Rossignol and Frye, 2012; Siddiqui, Elwell and
Johnson, 2016). The movement of these electrons through the transport chain creates a
proton gradient across the inner membrane, which drives complex V (ATP synthase) to
produce ATP (Mattson, Gleichmann and Cheng, 2008). Primary mitochondrial dysfunction
occurs when mutations or damages directly disrupt the ATP production pathway (Rossignol

and Frye, 2012).

However, mitochondria have functions in other pathways aside from energy production.
These include calcium homeostasis, production of reactive oxygen species (ROS) and
regulation of programmed cell death (apoptosis) (Siddiqui, Elwell and Johnson, 2016).
Mitochondrial homeostasis regulates these processes and the mitochondrial network, which
is composed of connected mitochondria in a branched system (Hoitzing, Johnston and Jones,
2015; Siddiqui, Elwell and Johnson, 2016). If any dysfunction occurs in these processes, it is

known as secondary mitochondrial dysfunction (Rossignol and Frye, 2012).

Multiple copies of mitochondria are present in each cell, and each mitochondrion contains
multiple copies of its genome. Mitochondrial DNA (MT-DNA) copy number varies between cell
types depending on their energy demands. Changes in MT-DNA copy number can be used as
a marker for mitochondrial dysfunction as numerous studies have associated it with
mitochondrial diseases and as a response to oxidative stress (Grady et al., 2014; Thompson et
al., 2016; Zeng et al., 2019). Because it can suggest changes in mitochondrial function,
fluctuations in MT-DNA copy number can also indicate changes in mitochondrial dynamics.
The mitochondrial genome consists of 37 genes that encode ETC complex subunits and
proteins needed for transcription and translation. All other genes needed for mitochondrial
machinery or function are part of the cell’s nuclear DNA (nDNA). As both MT-DNA and nDNA
encode mitochondrial proteins, mutations in either genome affect mitochondrial function

(Rossignol and Frye, 2012; Siddiqui, Elwell and Johnson, 2016).
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1.3. The importance of mitochondria in neurons

Neuronal cells are an interesting case for mitochondrial function as they are high-energy
demanding, non-replicating and have varying morphologies (Chang and Reynolds, 2006;
Rossignol and Frye, 2012). Neurons extend over relatively long distances compared to other
cell types and consist of axons, dendrites and cell bodies (Misgeld and Schwarz, 2017).
Maintenance of a healthy mitochondrial network is known as mitostasis, which “can be
thought of as a specialized form of homeostasis, a mechanism by which mitochondrial number
and quality are maintained over time in each compartment of the neuron” (Misgeld and
Schwarz, 2017). Mitostasis involves processes such as mitochondrial dynamics (fusion and
fission), mitophagy and mitochondrial transport (Frederick and Shaw, 2007). Fission and
fusion are essential processes in modulating mitostasis to ensure mitochondria are well
dispersed to meet the energy demands of the neuron (Chang and Reynolds, 2006; Misgeld
and Schwarz, 2017). Mitophagy, the autophagy of mitochondria, is another essential process
in mitostasis. The mitochondrial population goes through a regular turn-over to ensure that
any damaged mitochondria are removed via mitophagy to prevent excess ROS from being
produced (Fan et al., 2022). Mitochondria are also highly mobile in neurons, and their
transport throughout the neuronal network is essential in maintaining mitostasis. The
organelles can be transported both toward axons (anterograde movement) and towards cell
bodies (retrograde movement) (Mandal et al., 2021). Any changes in mitochondrial dynamics,
mitophagy or mitochondrial transport could affect mitostasis and thus the overall health of

the neuronal network.

Recent reviews have outlined the importance of mitochondria and mitostasis in neurogenesis,
differentiation, maturation and plasticity (Belenguer et al., 2019; Rangaraju et al., 2019; Wang
etal., 2021). Any dysfunction which occurs in the mitochondrial pathways would impact these
processes and lead to the development of neurological disorders. This is particularly important
during neurodevelopment as reliable energy production and distribution are essential for
neurogenesis and synaptic connectivity of axons and dendrites (Mattson, Gleichmann and

Cheng, 2008; Haas, 2010; Rangaraju et al., 2019).

Disruptions in mitostasis have been associated with many neurological disorders aside from

ASD. Neurodegenerative diseases, such as Alzheimer’s and Parkinson’s, are associated with
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oxidative stress and changes in energy metabolism. Parkinson’s disease has specifically
implicated Parkin and PINK1, involved in mitophagy, in its pathology and patients have
decreased ETC complex activity (Mattson, Gleichmann and Cheng, 2008). Psychiatric disorders
such as depression, bipolar disorder and schizophrenia are also associated with mitochondrial
dysfunction (Mattson, Gleichmann and Cheng, 2008; Gandal et al., 2018). These neurological
disorders and diseases highlight mitochondria’s essential role in ensuring the health of the

neuronal network.

1.4. Mitochondrial dynamics and morphology

Mitochondrial morphology constantly changes due to fluctuations in mitochondrial dynamics.
Once considered a fixed shape, we now know that it is a plastic structure —it can adapt to the
needs of the organelle and the cell (Cogliati, Enriquez and Scorrano, 2016). Three main
processes govern mitochondrial morphology: fusion, fission and cristae structure (Baker, Patel
and Khacho, 2019). The balance between these processes sustains mitochondrial metabolism
and influences mitochondrial function. Shifting mitochondria “from highly branched to
fragmented morphologies” (Karbowski and Youle, 2003) allows the organelles to adapt to
their environment when confronted with toxins, changing energy demands and nutrient
availability (Youle and Bliek, 2012; Cogliati et al., 2013; Baker, Patel and Khacho, 2019).
Proteins that directly participate in mammalian fission, fusion and cristae structure, as well as
accessory proteins, have been identified, although pieces of the puzzle are still missing

(Karbowski and Youle, 2003).

1.4.1. Fusion

Fusion refers to joining or fusing two or more mitochondria. Mitochondria have an outer and
inner membrane, with both membranes needing to fuse with neighbouring mitochondria.
Three main proteins, mitofusins 1 and 2 (MFN1 and MFN2) and dominant optic atrophy
(OPA1), control fusion together with other accessory proteins such as STOML2 (Figure 1).
Although these three primary proteins are known to control fusion, the roles of other

accessory proteins are still being investigated.

Mitofusins 1 and 2 (MFN1 and MFN2) fuse the outer membrane (Figure 1) (Santel and Fuller,

2001; Chen et al., 2003). Losing either or both mitofusins increases fragmented mitochondria
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and changes respiration activity and mitochondrial mobility (Chen et al., 2003; Tondera et al.,
2009). MFN1 and MFN2 co-localise with mitochondrial markers confirming they interact
directly with the mitochondrial membrane (Santel and Fuller, 2001). Although they appear to
have the same function, both mitofusins are essential for fusion. Loss of MFN2 after losing
MEN1 confirms this as it produces an additive effect of mitochondrial fragmentation.
Together, the mitofusins form homotypic and heterotypic complexes corroborating that they

interact during fusion (Chen et al., 2003).

A different protein is responsible for fusing the inner mitochondrial membrane. The cell
transcribes and translates dominant optic atrophy (OPA1) into one protein and processes it
into different splice variants (Duvezin-Caubet et al., 2006; Ishihara et al., 2006). Like the
mitofusins, loss of OPA1 leads to increased mitochondrial fragmentation. However, it is
specifically the long isoforms of OPA1 (L-OPA1), not the short isoforms (S-OPA1), which are
essential for fusion. Expressing L-OPA1 alone, after causing mitochondrial fragmentation, can
restore the mitochondrial network (Ishihara et al., 2006). On the other hand, stimulating
proteolytic processing of L-OPA1 into S-OPA1 coincides with increased fragmentation, while
blocking this proteolytic processing does not affect the tubular shape of mitochondria
(Duvezin-Caubet et al., 2006; Ishihara et al., 2006; Anand et al., 2014). Instead, S-OPA1 is
associated with mitochondrial fission. Two proteases, YME1L and OMAL, process L-OPA1 into
its short isoforms (Anand et al., 2014). A decrease in mitochondrial membrane potential
triggers proteolytic processing of L-OPA1 to S-OPA1l — an event associated with apoptosis
(Duvezin-Caubet et al., 2006; Anand et al., 2014).

Stomatin-like protein 2 (STOML2, also known as SLP2) is a protein involved in mitochondrial
function, although its exact roles in various mitochondrial pathways are still unknown.
Currently, we know that it is indirectly involved in fusion as it maintains the long isoforms of
OPAL1. It is especially important during hyperfusion when the rate of fusion increases under
stress conditions (Tondera et al., 2009). Its role in fusion is further supported by the discovery
that it is associated with MFN2 though the exact mechanism behind this is unclear (Hajek,
Chomyn and Attardi, 2007). It is also involved in maintaining coupled mitochondrial
respiration and the formation of respiratory chain complexes (Christie et al., 2012;

Mitsopoulos et al., 2015). However, upregulation of STOML2 has also been associated with
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certain cancers, increased cell proliferation, tumour progression and mitophagy (Qu et al.,

2019; Zheng et al., 2021).

1.4.2. Fission

Mitochondrial fission (or fragmentation) involves dividing a mitochondrion into smaller
mitochondria. Dynamin-related protein 1 (DRP1) divides the outer membrane (Figure 1).
Fission of the inner membrane remains a mystery as no proteins dividing this membrane have
been identified (Wai and Langer, 2016). DRP1 localises to the mitochondrial outer membrane
before division and forms spirals to constrict the membrane (Smirnova et al., 2001). Mutations
or knockouts of DRP1 lead to increased mitochondrial network connectivity and no fission
occurs (Smirnova et al., 2001; Otera et al., 2016). This DRP1-null phenotype is the most severe
compared with the loss of any other fission protein (Losén et al., 2013; Otera et al., 2016).
However, although it is responsible for dividing the outer membrane, DRP1 is mainly found in
the cytosol (Smirnova et al., 2001; Losén et al., 2013). Thus, other proteins must recruit DRP1

to the mitochondrial membrane before fission.

Mitochondrial fission factor (MFF) is the primary protein that recruits DRP1 to the membrane
(Figure 1). Losing MFF results in a decrease in DRP1 localisation and elongated mitochondria
(a more severe phenotype than losing other DRP1 recruitment proteins) (Otera et al., 2010;
Losén et al., 2013). MFF functions independently of other recruitment proteins and localises
to the mitochondrial membrane in the absence of DRP1, suggesting that it acts independently

of DRP1 (Otera et al., 2010; Friedman et al., 2011; Loson et al., 2013).

Researchers have debated the importance of the next fission protein, mitochondrial fission
protein 1 (FIS1). Some studies conclude that FIS1 interacts with DRP1, and losing it decreases
fission (Stojanovski et al., 2004; Loson et al., 2013). Others find that FIS1 is dispensable to
fission (Otera et al., 2010; Elgass et al., 2015). Stojanovski et al. (2004) and Losoén et al. (2013)
locate FIS1 on the mitochondrial outer membrane. When knocked out, mitochondria
significantly elongate and DRP1 recruitment decreases. Although Losén et al. (2013) observed
that the morphological changes in FIS1-null cells were more moderate compared to MFF-null
cells, they were still apparent, and FIS1 acted independently of MFF. However, Elgass et al.
(2015) found no interactions between DRP1 and FIS1 proteins. In a knockout model of FIS1

after the knockout of MFF, there was no increase in mitochondrial elongation or reduced DRP1
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protein levels in cell fractionations. The study conceded, though, that FIS1 did associate with
DRP1 under mild stress conditions and that overexpressing FIS1 affected the mitochondrial
network (Otera et al., 2010). One possibility is that the role of FIS1 in fission depends on the
cell type. Another possibility is that MFF and FIS1 are involved in different DRP1 pathways
(Oteraetal., 2010; Losén et al., 2013). Either way, FIS1’s potential role in mitochondrial fission

cannot be excluded (Figure 1).

% () MFN1/MFN2

(O oral
(O DRP1

STOML2

FUSION m FISSION
m m \ @ damaged

mitochondria
healthy

mitochondria l

Mitbﬁhagy
FIGURE 1: The mitochondrial fusion and fission cycle. Mitochondria undergo fusion and fission
to maintain homeostasis. During fusion, separate mitochondria fuse and the resulting
mitochondrion is elongated. During fission, damaged mitochondria are separated from healthy
mitochondria. The damaged mitochodnria undergo mitophagy, while healthy mitochondria

continue in the cycle. The key genes involved in fusion (MFN1, MFN2, OPA1 and STOML2) and

key genes involved in fission (FIS1, MFF and DRP1) are shown. Figure made in BioRender.com
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Two mitochondrial dynamics proteins 49 and 51 kDa (MiD49 and MiD51) also mediate DRP1’s
recruitment to the mitochondria. Both interact with DRP1, MFF, and each other (Elgass et al.,
2015). A double knockout of MFF and FIS1 resulted in increased elongation but some fission
was still present, indicating that other fission proteins can recruit DRP1 (Losén et al., 2013).
Overexpressing Mid49 and MiD51 proteins in MFF-null and/or FIS1-null cells can restore
fission to a small extent. Knocking out Mid49 and MiD51 increases elongation and decreases
DRP1 recruitment, though more moderately than in MFF-null cells (Losén et al., 2013; Otera
et al., 2016). Some studies show that overexpression of Mid49 or MiD51 has been associated
with increased elongation, but this is thought to be because they associate with an inactive
form of DRP1 (Losén et al., 2013). Although MFF, FIS1, MiD49 and MiD51 act independently,

they could co-localise with DRP1 to form one fission machine (Elgass et al., 2015).

1.4.3. Cristae structure

Cristae are the folds of the mitochondrial inner membrane and regularly change their
morphology, known as cristae remodelling, such as elongation and shortening (Hu et al.,
2020). Although they are known to be essential for mitochondrial functioning, the exact
mechanism around their functions and changing morphologies are still being investigated
(Zick, Rabl and Reichert, 2009). OPA1, MiD49 and MiD51 act independently of their roles in
fusion and fission when regulating cristae remodelling (Frezza et al., 2006; Otera et al., 2016).
As OPA1 is an integral intermembrane protein, it is no surprise that it participates in cristae
remodelling. OPA1 regulates cristae junctions and length and prevents the widening of cristae
(Frezza et al., 2006). Narrow cristae junctions delay cytochrome c release, which occurs when
cristae widen. Cytochrome c needs to be released before apoptosis, indicating that OPA1 is
anti-apoptotic (Frezza et al., 2006; Cogliati, Enriquez and Scorrano, 2016). The importance of
OPA1 in cytochrome c release varies between studies. Frezza et al. (2006) concluded that
OPA1 controls cytochrome c mobilisation through cristae remodelling. However, Otera et al.
(2016) found that increasing proteolytic processing of L-OPA1 to its short isoforms did not

affect cytochrome c release.

MiD49 and MiD51 prepare cristae for apoptosis and cytochrome c release. Cells lacking MiD49
and MiD51 display tight cristae during apoptosis and resist cytochrome c release (Otera et al.,
2016). Although the roles of these proteins in cristae remodelling are still being explored, they
are essential for maintaining and regulating cristae structure.
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1.4.4. Fusion/fission and the endoplasmic reticulum

The endoplasmic reticulum (ER) transports different substrates to various organelles in the
cell. It specifically transfers calcium ions to mitochondria which play a significant role in
calcium signalling (Elgass et al., 2015). However, the ER also plays a role in fusion and fission.
MFN2 appears at the ER-mitochondrial interface and losing MFN2 alters ER morphology and
disrupts this connection (de Brito and Scorrano, 2008). The contact sites of the ER-
mitochondria interface are also sites of mitochondrial division, pointing to an ER role in fission.
DRP1 and MFF localise at these points of contact. Even in cells lacking DRP1 and MFF,
mitochondria still constrict at the ER-mitochondria interface. This suggests the ER acts

independently of these fission proteins in mitochondrial division (Friedman et al., 2011).

1.4.5. The importance of mitochondrial dynamics and morphology

Various reviews and studies have outlined how mitochondrial morphology is linked to
mitochondrial function, cell function, bioenergetics and apoptosis (Karbowski and Youle,
2003; Liesa and Shirihai, 2013; Cogliati, Enriquez and Scorrano, 2016; Wai and Langer, 2016).
It is widely accepted that “The morphology of mitochondria is inextricably linked to its
function” (Wai and Langer, 2016). Different cellular stresses have differing impacts on
mitochondrial dynamics and morphology. Increases in oxidative stresses favour fission and

mitophagy, while energy stresses favour fusion (Fu, Liu and Yin, 2019).

Both mitofusins (MFN1 and MFN2) are essential in embryonic development as homozygous
embryos lacking either or both mitofusins fail to survive (Chen et al., 2003). Fusion also allows
mitochondria to complement each other’s defects. When fusing, mitochondria share MT-
DNA, ensuring that any deleterious mutations are compensated for and do not affect the
overall health of the mitochondrial network (Karbowski and Youle, 2003; Youle and Bliek,
2012). Fusion can be a protective mechanism to prevent mitochondria and the cell from

undergoing apoptosis (Tondera et al., 2009; Anand et al., 2014).

Fission also plays a role in different cellular pathways. Fission can be divided into two
categories. Firstly, it can play a role in cellular division when mitochondria must be separated
between daughter cells (Youle and Bliek, 2012). It is also needed during differentiation to
divide mitochondria and when the energy demands of the cell increase (Smirnova et al., 2001).

Fission’s other role is to assist in preparing damaged mitochondria for mitophagy or the cell
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for apoptosis (Figure 1). Fission separates severely damaged mitochondria from the
mitochondrial network to prevent further damage to the overall network (Youle and Bliek,
2012). The membrane potential of these damaged mitochondria decreases to promote
ubiquitinylation, which marks them for the mitophagy pathway. After the decrease in
membrane potential, factors process L-OPA1 to S-OPA1 to block fusion and promote fission
and mitophagy (Duvezin-Caubet et al., 2006). The protein Parkin (encoded by the PARK2 gene)
ubiquitylates MFN1 and MFN2 to assist in preventing fusion (Escobar-Henriques and Langer,
2014). Mitophagy usually occurs after mitochondrial fission, meaning that fission machinery
may interact with mitophagy factors such as Parkin and PINK1 (Youle and Bliek, 2012).
Ubiquitylating other outer mitochondrial proteins signals to lysosomes that the marked
mitochondrion can be engulfed and degraded (Youle and Bliek, 2012). As previously discussed,
cristae remodelling controls the release of cytochrome c, which is needed for apoptosis.
Without changes in cristae structure, the cell would be unable to complete apoptosis (Cogliati

etal., 2013).

Balancing the opposing processes of fusion and fission is a delicate act. Disrupted, it can lead
to mitochondrial dysfunction and disease (Baker, Patel and Khacho, 2019). For example, Chen
et al. (2015) found that mice lacking MFF develop cardiomyopathy and do not survive. These
mutant mice had decreased mitochondrial respiration and electron transport chain activity.
However, when they introduced a mutation for MFN1, the mice were rescued (to a certain
degree) and survived for longer (Chen et al., 2015). Mutations or loss of any of the proteins
mentioned can lead to various mitochondrial disorders such as dominant optic atrophy 1
(defects in OPA1), fatal infantile encephalomyopathy (defects in DRP1 or MFF), Parkinson’s
disease type 2 (defects in PARK2) and many others (Area-Gomez and Schon, 2014).

Changes in morphology affect and are affected by changes in energy production. Nutrient
availability in the cell affects the balance of fusion and fission. When starved, mitochondria
fuse to increase ATP production, while mitochondria fragment when the cell has excess
nutrients (Tondera et al., 2009; Liesa and Shirihai, 2013). Cristae remodelling affects
mitochondrial oxidative phosphorylation by changing the structures of ETC complexes and
super complexes (Cogliati, Enriquez and Scorrano, 2016; Baker, Patel and Khacho, 2019).
Fusion and cristae remodelling can also increase ATP production when nutrients are low to

sustain the cell’s energy demands (Cogliati, Enriquez and Scorrano, 2016).
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1.5. Mitochondrial dysfunction is implicated in ASD

There is increasing evidence that mitochondrial dysfunction is associated with ASD. A higher
percentage of mitochondrial disease in the ASD population compared to the total population,
demonstrates this. Rossignol and Frye’s (2012) meta-analysis estimated that the prevalence
of mitochondrial disease in the ASD population is 5% compared to 0.01% in the general
population. Other studies have given even higher estimates, such as 7.2% and 8% (Oliveira et
al., 2005; Haas, 2010). Patients with ASD regularly have mitochondrial biochemical, genetic
and physiological abnormalities compared to controls (Siddiqui, Elwell and Johnson, 2016;

Griffiths and Levy, 2017).

Differences in gene or protein expression and activities of ETC complexes point towards
dysregulation of energy metabolism in ASD groups. Reduced levels of complex |, Il and V in
both brain and skin tissue occur most frequently in ASD patients compared to controls (Filiano
et al., 2002; Weissman et al., 2008; Gu et al., 2013). Weismann et al. (2008) found 64% and
20% deficiencies in complexes | and Ill, respectively, while Gu et al. (2013) found complex |, llI
and V were reduced by 43%, 29% and 43%, respectively, with 14% of their ASD patients having
reductions in all complexes. ASD brain tissue also displays reduced gene expression of complex

[, 11, IV and V subunits (Anitha et al., 2013).

Changes in metabolite levels are also seen in ASD groups compared to controls. Increases in
lactate and pyruvate levels indicate changes in mitochondrial function in ASD patients (Haas,
2010; Rossignol and Frye, 2012). Metabolomics data from urine samples showed
mitochondrial metabolites were elevated in the ASD individuals. This was supported by
differential methylation of genes linked to mitochondrial metabolism (Stathopoulos et al.,
2020). ASD individuals have also shown reduced expression for genes involved in
mitochondrial localisation and protein transport (Anitha et al., 2012). Oliveira et al. (2005)
diagnosed specific ASD patients with mitochondrial respiratory chain disorder. Differences in
MT-DNA levels show evidence of dysfunction. Differences in MT-DNA levels imply different
levels of ETC complex proteins and other mitochondrial proteins (Gu et al., 2013; Carrasco et
al., 2019), although these differences are not found in all studies (Oliveira et al., 2005; Tang et
al., 2013).
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There are two opposing viewpoints on mitochondrial dysfunction in the ASD population. One
viewpoint is that mitochondrial dysfunction affects a sub-population of those diagnosed with
ASD, while the other is that most ASD individuals have mitochondrial dysfunction at different
severity levels (Haas, 2010; Rossignol and Frye, 2012). Most individuals with ASD present with
co-morbidities such as epilepsy and gastrointestinal dysfunction, proving that ASD can affect
multiple systems in the body (Weissman et al., 2008; Frye and Rossignol, 2011). However,
Weismann et al. (2008) note that their ASD patients with mitochondrial dysfunction have
other distinct characteristics not found in the general ASD population. These range from
developmental issues such as an increased occurrence of regression to muscular symptoms of
excessive fatigability (Weissman et al., 2008). This would point to ASD and mitochondrial
dysfunction individuals being part of a separate group. However, clinicians note that
mitochondrial dysfunction is difficult to diagnose as changes in lactate levels and other
markers might not be seen in test results (Haas, 2010; Rossignol and Frye, 2012). Additionally,
clinicians do not regularly test for mitochondrial dysfunction in ASD individuals (Oliveira et al.,
2005). Because of this, mitochondrial dysfunction may occur more frequently in the ASD

population than estimated and could instead exist on a spectrum of severity.

1.6. Mitochondrial dynamics are associated with ASD

Although researchers now study mitochondrial dysfunction associations with ASD more
widely, few studies examine the role mitochondrial dynamics and morphology play in the
disorder. Even fewer studies examine the gene or protein expression of mitochondrial
dynamics factors and visualise mitochondrial morphology in ASD individuals. As a result, this
specific area of research has been understudied, and the role that mitochondrial dynamics
play in ASD lacks clarity. Furthermore, when studies do include mitochondrial dynamics
factors and/or morphology these are usually secondary results to support differences found

in ETC complexes or other mitochondrial pathways.

Anitha et al. (2012) and Tang et al. (2013) used post-mortem brains from individuals with ASD
to examine mitochondrial dysfunction and abnormal mitochondrial dynamics. Anitha et al.
(2012) examined gene expression levels and found a significant decrease in MFN2 expression
in the anterior cingulate gyrus region. Tang et al. (2013) found differences in protein
expression in the brain samples from patients aged between two and nine years. Fusion
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proteins MFN1, MFN2 and OPA1 had decreased expression, while fission proteins DRP1 and

FIS1 had increased expression levels.

Carrasco et al. (2019), Pecorelli et al. (2020) and Stathopoulos et al. (2020) used non-
neurological cells from oral mucosa samples, skin biopsies and buccal swabs in their studies.
Carrasco et al. (2019) found significantly increased gene expression of MFN2 and increasing
trends of MFN1, OPA1, DRP1 and FIS1. Pecorelli et al. (2020) examined mRNA and protein
levels of fusion and fission factors with slightly differing results. There was a significant
increase in the gene expression of MFN1, MFN2, DRP1, FIS1 and PINK1 and a significant
decrease in Parkin. However, significant differences in protein expression only occurred for
MFN1, FIS1 and PINK1 (increased) and DRP1 (decreased). When examining differential
methylation in ASD individuals, Stathopoulos et al. (2020) had STOML2 as their topmost
differentially methylated gene. This suggested that STOML2 expression differed between ASD

individuals and controls, implying that fusion was altered in ASD individuals.

Weismann et al. (2008) and Filiano et al. (2002) found mitochondrial shape abnormalities in
four out of 25 ASD individuals and three out of four ASD individuals, respectively, but did not
go into more detail. Pecorelli et al. (2020) used electron microscopy to visualise mitochondria
and observed an increase in interconnected mitochondria and swelled cristae compared to

control cells.

In the research mentioned above, changes in mitochondrial function and dynamics differed
between the studies. This could be explained by the different cell types used, which ranged
from brain tissue to buccal samples. Post-mortem brain tissue samples are difficult to obtain,
and only non-neurological samples such as buccal cells, blood samples and skin fibroblasts can
be collected from living participants. Because of this, the different cell types used in these
studies could explain the differences in directionality. Fission seems to be favoured over fusion
in brain tissue samples, although these studies only concluded that mitochondrial dynamics
differ between ASD and controls (Anitha et al., 2013; Tang et al., 2013). Non-neurological
sample studies have found fusion to be favoured over fission (Carrasco et al., 2019; Pecorelli
et al., 2020), with others only mentioning that there were differences (Filiano et al., 2002;
Weissman et al., 2008). Although the direction of fusion and fission differs between these
studies, they all demonstrate that differences in mitochondrial fusion and fission between ASD
individuals and controls are consistent across different cell types.
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1.7. Limitations of ASD studies

Studies researching the association of ASD with mitochondrial function have a variety of
limitations. The sample sizes of case and control groups in studies are the most obvious
limitation (Rossignol and Frye, 2012). Four studies that link changes in mitochondrial dynamics
to ASD had 20 or fewer samples in the ASD group (Anitha et al., 2012; Tang et al., 2013;
Carrasco et al., 2019; Pecorelli et al., 2020). Examining all the studies mentioned in this review
which studied mitochondrial function and ASD, the sample size ranged from 8-69 ASD
participants, and the median number of participants was 13. As these studies have small
sample sizes, conclusions about ASD’s relationship to mitochondrial dysfunction might not

apply to the whole ASD population.

The method of ASD diagnosis also varies between studies (Frye and Rossignol, 2011). Many
research papers rely on a previous diagnosis of the individual by other clinicians who use
numerous diagnostic methods (Weissman et al., 2008; Carrasco et al., 2019; Pecorelli et al.,
2020). Some researchers confirm the clinical ASD diagnosis using a “research-standard” ASD
assessment before including them in their ASD study group (Oliveira et al., 2005; Stathopoulos
et al., 2020). Additionally, many studies do not specify if the control individuals were assessed
for ASD characteristics before being included in the control group. This could lead to
individuals with an incorrect ASD diagnosis being included in the case group or individuals
showcasing ASD traits in the control group. Variability within the groups would influence the

outcomes of the experiments and could cause inconclusive results.

The diagnosis of mitochondrial dysfunction is also a limitation of these studies (Haas, 2010;
Frye and Rossignol, 2011). Definitive proof of mitochondrial dysfunction usually requires a
biopsy from the individual but this is an invasive procedure, and most participants do not
consent to this. For example, in this study carried out by Oliveira et al. (2005) only 11
participants consented to skin biopsies. Although only 14 participants showed increased
lactate levels, other participants (of the total group of 69 ASD individuals) may have had

mitochondrial dysfunction, which would only be apparent after a skin biopsy.

ASD individuals can display co-morbidities such as epilepsy and seizures (Frye and Rossignol,
2011). These co-morbidities negatively impact these studies. Sometimes ASD patients are

excluded if they present with any neurological co-morbidities, thus decreasing the sample size
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(Oliveira et al., 2005). At other times these individuals are still included but this creates a
confounding factor as the co-morbidities might be responsible for any found mitochondrial

dysfunction rather than ASD (Weissman et al., 2008).

ASD is a neurodevelopmental disorder, meaning that brain tissue or neuronal cells are the
best candidates. However, retrieving brain tissue samples from living individuals is impossible,
leading to most studies using other tissues such as skeletal muscle, fibroblasts or blood/oral
mucosa cells. These studies assume that factors affecting mitochondria in these cell types will
affect neuronal cells in the same way. This may not be true as mitochondrial function and

morphology can differ between cell types (Chang and Reynolds, 2006).

Although these limitations exist in ASD studies, findings of mitochondrial dysfunction in ASD
are consistent across multiple studies examining different populations. The overall
conclusions reached in ASD studies still support the association between mitochondrial
dysfunction and ASD. Hopefully, as ASD research continues to grow, the impact of these

limitations will reduce.

1.8. Conclusion

The association between mitochondrial dysfunction and ASD has been well established in
current literature (Citrigno et al., 2020; Balachandar et al., 2021; Frye et al., 2021). As neurons
are particularly vulnerable to mitochondrial damage and dysfunction, the role of mitochondria
in ASD as a neurodevelopmental disorder is no surprise. The presence of mitochondrial
dysfunction in other neurological disorders aside from ASD further promotes the idea that

mitochondria play an important role in the brain.

The primary functions of mitochondria are widely known and garner the most attention when
examining mitochondrial dysfunction in ASD. Defects in ETC complexes have been studied
multiple times, and changes in primary mitochondrial pathways have also been found.
However, research examining the role of mitochondrial dynamics and subsequently

morphology in ASD remains underrepresented.

Mitochondrial dynamics involves many key factors regulating fusion, fission and cristae
structure. These include MFN1, MFN2, OPA1 and STOML2 in fusion; DRP1, Mff, FIS1, MiD49
and MiD51 in fission; OPA1, MiD49 and MiD51 in cristae structure and the ER. The importance
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of these factors is highlighted in their effects on mitochondrial morphology and function when
their protein expression levels are changed and by the diseases caused by mutations in these
genes. The few studies which do examine mitochondrial dynamics in ASD provide promising
results that changes in mitochondrial dynamics are associated with ASD. Therefore, by
continuing to look for changes in morphological factors and visualising mitochondrial
morphology in ASD individuals, the role of mitochondrial dynamics and morphology in ASD

can be established.

1.9. Aims and objectives

This thesis tests the hypothesis that sodium propionate results in mitochondrial morphological
changes, and that these changes in mitochondrial dynamics play a role in ASD aetiology. The
overarching aim of the thesis is to investigate the relationship between mitochondrial
dysfunction and ASD, specifically the role of mitochondrial dynamics. This will be carried out
using a neuronal-like SH-SY5Y cell culture model and will be supported by findings from a
South African cohort study. The project is broken down into the following aims and objectives

as outlined in Figure 2:
Aim 1:
To recapitulate an ASD/mitochondrial dysfunction model using a neuronal cell line.

i. Treat SHSY-5Y neuronal-like cells with sodium propionate (NaP) at a range of
concentrations to induce mitochondrial dysfunction.
ii.  Cell viability at the different NaP concentrations will be tested using an MTT assay.
iii.  Mitochondrial stress will be characterised using an ATP assay, with rotenone as a

positive control.
Aim 2:

To investigate if mitochondrial dynamics and morphology are altered during mitochondrial

stress.

i.  Mitochondrial morphology will be examined using transmission electron

microscopy (TEM) qualitatively and quantitatively.
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Aim 3:

To investigate if changes in mitochondrial morphology are supported by changes in gene

expression associated with mitochondrial dysfunction and dynamics.

i.  Mitochondrial copy number will be quantified using gene expression of MT-ND1 and
B2M.
ii. The expression of STOML2, the mitochondrial gene involved in fusion, will be

quantified.
Aim 4:

To support findings from the cell culture model, differential methylation of key mitochondrial

genes will be examined in a wider South African ASD cohort.

i.  Key mitochondrial genes will be selected for further targeted next-generation
bisulfite sequencing (tNGBS) analysis. Key fusion and fission genes will be

analysed for differential methylation between the ASD and control groups.
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Chapter 2

Sodium Propionate-Induced Mitochondrial Stress in a SH-SY5Y
Cell Model

2.1. Introduction

Cell models provide a useful system to investigate the numerous biological pathways
associated with ASD. NaP or other propionic acid (PPA) derivatives have been used in previous
studies to recapitulate an ASD-like phenotype in rat and cell models (EI-Ansary, Bacha and
Kotb, 2012; Frye et al., 2016; Khera et al., 2022). Moreover, NaP directly recapitulates
molecular disruptions previously reported by our group in a South African ASD cohort where
ASD was associated with significant differential methylation of Propionyl-CoA Carboxylase
Subunit Beta (PCCB) (Stathopoulos et al., 2020). Differential methylation of PCCB can alter its
gene expression resulting in changes to the function or activity of propionyl-CoA carboxylase
(PCC) (Jin and Liu, 2018; Ehrlich, 2019). Disruptions to PCC function prevent the breakdown of
PPA, causing it to accumulate to toxic levels. For example, mitochondrial dysfunction caused
by toxic levels of PPA is observed in metabolic disorders caused by mutations in PCC, like
propionic acidemia (Desviat et al., 2004). Treating SH-SY5Y cells with NaP recapitulates this
metabolic phenotype by adding propionate to the cells, mimicking the same result of
increased levels of PPA leading to metabolic/mitochondrial dysfunction. Disruptions to
mitochondrial metabolism were confirmed by measuring cell viability and ATP production

after NaP treatment.

Several genes could have been chosen to measure RNA expression to investigate whether this
NaP-induced mitochondrial dysfunction in SH-SY5Y cells affects mitochondrial fusion and
fission. The key genes involved in fusion are MFN1, MFN2, OPA1 and STOML2, while the key
genes in fission are DRP1, FIS1 and MFF. For this study, STOML2, implicated in fusion and
hyperfusion, was selected to measure gene expression. This is because STOML2 was the most
differentially methylated gene between ASD and control groups in a previous study conducted
by our research group (Stathopoulos et al., 2020). STOML2 plays an essential role in fusion
and hyperfusion by maintaining the long isoforms of OPA1 responsible for fusion of the inner
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mitochondrial membrane (Tondera et al., 2009). Due to its essential role in fusion and its
connection to previous research, it was considered the gene best suited to indicate if fusion

or fission was favoured in this model.

RNA or protein expression helps give insight into the role of specific target genes in response
to mitochondrial stress. However, this approach is limited in isolation, as differential
expression of mitochondrial dynamics genes is an indirect proxy for changes in mitochondrial
morphology. The morphology of mitochondria can be directly visualised by transmission
electron microscopy (TEM), which shows cell ultrastructure and gives a more detailed
examination of morphological parameters. TEM is an ideal tool as it provides an overview of
the whole mitochondria and directly visualises its shape and morphology as opposed to only

relying on gene and/or protein expression (Winey et al., 2014).

Conventional EM sample preparation uses glutaraldehyde and osmium tetroxide to fix cells
before dehydrating the samples using ethanol and/or acetone. These methods can lead to
artefacts and distorted cellular membranes and organelles (Winey et al., 2014). Previous
research conducted in our research group using these conventional methods led to
inadequate images due to the disruption of cellular membranes and distorted mitochondrial
morphology in controls (data not shown). On the other hand, the high-pressure freezing and
freeze substitution methods used in cryogenic sample preparation result in minimal changes
to cellular structure, making it the ideal preparation method for TEM (Giddings, 2003; Hawes
et al., 2007). Therefore, cryogenic sample preservation or cryo-fixation was used to better

preserve cellular ultrastructure.

However, examining morphology qualitatively is often insufficient to make firm conclusions
as individual images can be misleading. To utilise the full potential of TEM images, cell and
organelle parameters such as area and perimeter should be measured to quantify any
differences between cases and controls. Numerous software programmes can be used to
analyse mitochondrial parameters, such as Fiji/Imagel, CellProfiler and MATLAB and various
pre-processing methods can be used to improve the images before processing and
guantification (Chu et al., 2022). The ideal method must be reproducible and time efficient as
TEM analysis can involve processing hundreds of images. Additionally, it needs to be as

accurate as possible in selecting or outlining the objects of interest, in this case mitochondria,

32



compared to the raw images. In this study, three different analysis methods were tested in a

pilot study to determine which one would best address the research question.

Determining the pre-processing and analysis methods is only the first step in TEM analysis.
The second is determining which mitochondrial parameters to measure during the analysis
workflow. There is no single specific parameter that distinguishes differences in mitochondrial
morphology. Instead, it is more important to find differences across multiple parameters to
show changes in morphology between cases and controls confidently. After reviewing the
literature, nine parameters were chosen to quantify mitochondrial morphology in this study
(Merrill, Flippo and Strack, 2017; Collins et al., 2021; Lam et al., 2021). Mitochondria
undergoing fusion would be characterised by elongated shapes with greater area and
perimeter as multiple mitochondria would have joined together. On the other hand,
mitochondrial fission is characterised by smaller mitochondria (decreased area and perimeter)
which are more spherical (Yu et al., 2020). This is because fission is the splitting of one
mitochondrion into many, essentially dividing up the mitochondrial volume into multiple new
mitochondria. Examining mitochondrial morphology using visual parameters and gene
expression levels demonstrates how two different methods can be used to complement one

another.

In this chapter, a cell model system recapitulating ASD-associated mitochondrial dysfunction
was set up using SH-SY5Y neuronal-like cells treated with NaP. The role of mitochondrial
dynamics in this mitochondrial dysfunction was examined by measuring MT-DNA copy
number, ATP levels, gene expression of STOML2 and quantifying morphological parameters
visualised using TEM. Any changes in the expression of these genes, activities or morphological
parameters could point to changes in the balance between fusion and fission in this model
system. This would indicate that dysfunction of these mitochondrial dynamics pathways could

be associated with ASD and contribute to ASD’s association with mitochondrial dysfunction.

2.2. Materials and methods

2.2.1. Mammalian tissue culture

The human neuroblastoma cell line SH-SY5Y (ECACC 94030304-1VL) was purchased from

Sigma-Aldrich. Cells were grown in 25cm? flasks in Dulbecco's Modified Eagle Medium /
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Nutrient Mixture F-12 (DMEM/F-12) with L-Glutamine (SC09411, ScienCell) supplemented
with 20% Foetal Bovine Serum (FBS) (10493106,ThermoFisher Scientific) and 1% Penicillin-
Streptomycin (P4333-20ML,Sigma-Aldrich) at 37°C and 5% CO.. Cells were sub-cultured at
80% confluency using 0.05% Trypsin-EDTA (15400054, ThermoFisher Scientific), centrifuged
at 300 rpm (Hermle Z383 centrifuge, rotor number 221.08, max speed 4500 rpm, serial
number 30110022) and seeded at approximately 7 x 10° cells/ml. All experiments were done

on SH-SY5Y cells between passages 19-22.

2.2.2. Sodium propionate (NaP) treatment

Sodium propionate (CAS number 137-40-6, chemical formula CsHsNaOy, hereafter referred to
as NaP) (P5436-100G, Sigma-Aldrich) powder was dissolved in warm MilliQ water to a
concentration of 1M and stored at 4°C. This NaP solution was diluted in serum-free media
(DMEM/F-12 with L-Glutamine without FBS) to treatment concentrations of 1.5mM, 3mM and

5mM on the day of treatment.

2.2.3. MTT assay

The Thiazolyl Blue Tetrazolium Bromide or MTT assay (M5655-500MG, Sigma-Aldrich) was
used according to the manufacturer’s instructions. The SH-SY5Y cells were seeded in a clear
96-well plate at 8 x 10° cells/ml in 100ul of serum-free media per well and allowed to adhere
for 24 hours. The media was removed, and cells were washed with 1x phosphate-buffered
saline (PBS) before NaP treatment. NaP concentrations ranged from 1mM to 9mM for 24
hours. The MTT powder was dissolved in MilliQ water for a stock solution of 5mg/ml and
diluted in serum-free media to a working solution of 0.5mg/ml. The NaP treatment solutions
were removed from the cell, and the cells were washed with 1x PBS before adding 100ul of
MTT reagent (5mg/ml) to each well. Plates were wrapped in aluminium foil and incubated for
three hours at 37°C. The MTT reagent was removed and 100ul of tissue culture grade dimethyl
sulfoxide (DMSO) was added to each well. The solutions were mixed by shaking the plate for
10 minutes to dissolve the purple formazan crystals before measuring absorbance at 570nm.
Each treatment was performed in triplicate per plate and across seven biological repeats. For
the assay to be accurate, absorbance readings were required to be above 0.5 AU, leading to
two assays being excluded. Cell viability for each NaP treatment was calculated as a

percentage of the control (no NaP treatment).
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2.2.4. ATP assay

ATP concentrations were calculated using the Luminescent ATP Detection Assay Kit
(AB113849, Abcam). The SH-SY5Y cells were plated at 2.4 x 10% cells/100ul in a white 96-well
plate. After 24 hours, the cells were treated with NaP treatment solutions (1.5mM, 3mM,
5mM) or Rotenone (5uM) for 24 hours. Following treatment, the cells were washed with 1x
PBS before performing the assay according to the manufacturer's instructions. ATP
concentration was calculated using the standard curve for each plate, and the percentage of
ATP for each treatment was calculated relative to the average ATP for the control. Standard
curves were performed in duplicate and each treatment was performed in triplicate per plate

and across two biological repeats.

2.2.5. DNA extraction

DNA was extracted from the SH-SY5Y cells using a standard protocol (Aljanabi and Martinez,
1997) with the following modifications: The cells were grown in a six-well plate at a density of
0.3 x 10° cells/ml for 24 hours before treatment. After treatment, the cells were washed with
1x PBS before adding 500yl lysis buffer (Saline/EDTA; 10mM EDTA, 40mM NaCl; pH8) and
incubating for five minutes. The cells were scraped from the wells, and samples were
transferred to Eppendorf tubes before adding 50ul of 10% SDS and 20ul proteinase K
(20mg/ml). Samples were mixed and incubated for two hours at 56°C before adding 225ul of
saturated NaCl (6M), mixing and incubating at room temperature for one hour. Following this,
samples were centrifuged at 10 000 rpm (Eppendorf — Netheler — Hinz 5426 centrifuge , max
speed 13200 rpm, serial number 542601273) for 10 minutes at room temperature. The
supernatant was transferred to new Eppendorf tubes, and the pellets were discarded.
Centrifugation was repeated before adding 1ml isopropanol to each tube and storing the
samples overnight at -20°C. Next, samples were centrifuged at 10 000 rpm for 20 minutes, and
the supernatants were discarded. The pellets were washed by adding 1ml of 70% ethanol and
mixing, followed by centrifuging at 10 000 rpm for 20 minutes. The supernatants were
discarded, and the pellets were air-dried before being resuspended in 30ul TE buffer (10mM
Tris pH8; 1mM EDTA pH8) and stored at -20°C. The quantity and quality of the samples were
checked using the NanoDrop ND-1000 UV-Vis Spectrophotometer.
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2.2.6. RNA extraction

RNA was extracted from SH-SY5Y cells using the Quick-RNA™ Miniprep (ZR R1055, Zymo
Research) quick protocol with minor modifications. SH-SY5Y cells were grown at a density of
0.3 x 10° cells/ml in six-well plates for 24 hours before treatment. After treatment, 300pl of
RNA lysis buffer was added to each well, and the cells were scraped from the well. Samples
were transferred to Eppendorf tubes, and the protocol was followed according to the
manufacturer’s instructions. For each sample, RNA was eluted in 30ul DNase/RNase-free
water and centrifuged at 16 000 x g for two minutes. RNA samples were stored at -80°C. The
quantity and quality of the samples were checked using the NanoDrop ND-1000 UV-Vis

Spectrophotometer.

2.2.7. cDNA synthesis

For real-time quantitative PCR (RT-gPCR), cDNA was synthesised using the Tetro™ cDNA
Synthesis Kit (BIO-65043, Meridian Bioscience) according to the kit instructions. Random
Hexamer primers and a total RNA amount of 850ng were used in each reaction. The cDNA

samples were stored at -80°C for up to a week.

2.2.8. Quantitative real-time PCR

Mitochondrial DNA (MT-DNA) copy number and expression of STOML2 were measured using
RT-qPCR. The primer sets used MT-ND1 for MT-DNA copy number (Grady et al., 2014) and
STOML2 for STOML2 expression (Hu et al., 2018), and both primer sets were normalised to
B2M (Grady et al., 2014) (Table S1). Primers were purchased from inqaba biotec™.
Luna® Universal qPCR Master Mix (NEB M3003L, New England BioLabs) was used according to
the manufacturer’s instructions, and the master mix included 5ul LUNA Taq polymerase, 0.5ul
forward and reverse primers, 1ul (2ng/ul) DNA (MT-DNA copy number) or 0.8ul cDNA
synthesised from 850ng RNA per cDNA reaction (STOML2). PCR-grade water was added to a
final volume of 10ul per reaction. Rotor-Gene Q 6-plex (QIAGEN RG — Serial Number:
R0618110) was used to perform the RT-gPCR with the following cycling conditions: MT-DNA
copy number: 95°C 10 minutes (1x cycle) followed by 95°C for 5 seconds and 60°C for 30
seconds (40x cycles); STOML2: 95°C 10 minutes (1x cycle) followed by 95°C for 15 seconds and
62°C for 30 seconds (40x cycles). Data was analysed using Rotor-Gene Q Software 2.3.5. All

samples were amplified in triplicate, and standard curves were generated for each primer set
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using DNA or cDNA pools. Standard curve efficiencies and R? values were between 0.83-1.14
and 0.85-0.99, respectively. The standard deviation for the cycling threshold (Ct) values for
the technical repeats was below 0.42. MT-DNA copy number and STOML2 expression were
calculated using the delta delta Ct method (2-d¢'tadeltaCt) (| jyak and Schmittgen, 2001). Samples

were analysed from three biological repeats.
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2.2.9. Transmission electron microscopy

SH-SH5Y cells treated with NaP for 24 hours.

l

Cell pellets collected and stored at 4°C
in 2.5% glutaraldehyde before resuspending
in 4% agarose. Samples were then cut into
thin slices for high-pressure freezing.

l

Samples underwent freeze-substitution over
multiple days before being infiltrated with
resin. Samples were then sectioned and
stained.

!

Images were captured for each concentration
for all biological repeats (12 replicates in
total, minimum of 10 images per replicate).

l

All images were randomised.

l

Pilot study:
Used the first 10 randomised images and

measured four parameters.

Free-Hand Edge Detector Mitochondrial
Analysis Analysis Macro Analysis

|

Compared results and selected one analysis
method.

!

Overall analysis:
All images analysed using the Mitochondrial

Macro analysis and nine parameters were
measured (minimum of 110 mitochondria
per replicate measured).

Cell Sample Preparation

Microscopy

Cryo-EM Techniques and

Image Analysis

FIGURE 3: Overview of the transmission electron microscopy workflow. Figure made in

BioRender.com
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An overview of the TEM methods workflow is described in Figure 3 and the methods are

described in more detail in the following sub-sections.

2.2.9.1. Cell sample preparation

The SH-SY5Y cells were seeded at 5.5 x 10° cells/ml in 25cm? flasks and grown for 24 hours.
NaP treatments (1.5mM, 3mM and 5mM) were added to the flasks before incubating for 24
hours. Routine mammalian tissue sub-culturing protocol (as described in section 2.2.1) was
followed to collect cell pellets. Pellets were resuspended in 100ul 2.5% glutaraldehyde, 1x PBS
transferred to Eppendorf tubes and stored at 4°C. Samples were centrifuged for 10 000 x g for
30 seconds to pellet the cells and remove the 2.5% glutaraldehyde, 1x PBS solution. The pellet
was then resuspended in 4% agarose gel made with distilled water (1:1 ratio agarose to pellet

volume) and allowed to set. Samples were then sectioned into thin slices using a scalpel.

2.2.9.2. High-pressure freezing, freeze-substitution, resin infiltration and staining

Agarose slices were placed onto grids on a flat planchette and covered with 1-hexadecene
before high-pressure freezing. Samples were removed and transferred for freeze substitution.
Samples were freeze substituted at -90°C for 24 hours in 100% dry acetone. This was followed
by raising the temperature to -80°C and adding a solution of 1% osmium tetroxide and 0.1%
glutaraldehyde. Samples were kept at -80°C for 24 hours. Following this, the temperature was
gradually increased to room temperature over multiple days: from -80°C to -50°C for 24 hours,
to -30°C for 24 hours, to -10°C for 24 hours and finally to room temperature. Samples were
infiltrated with resin, and ultrathin sections (~100nm) were cut with a Leica Reichert UltracutS
Ultramicrotome (Leica Microsystems). Sections were stained with 2% uranyl acetate and lead

citrate (also known as Reynold’s stain) (Reynolds, 1963).

2.2.9.3. Microscopy

Samples were viewed using a FEI Tecnai 20 transmission electron microscope (ThermoFisher
(formerly FEI), Eindhoven, Netherlands) operating at 200kV (Lab6 emitter) and fitted with
a Tridiem energy filter using a Gatan CCD camera (Gatan, UK). Images were captured at x3600

magnification, and scale bars were added to all images.
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2.2.10. TEM image analysis

SH-SY5Y cells were treated with three concentrations of NaP (1.5mM, 3mM and 5mM) and
controls (no NaP) and were prepared over three biological repeats (12 replicates in total). A
minimum of 10 images was captured per replicate, and only whole cells (where the complete
cell membrane is captured) were analysed, with a total of 144 images being included in the
analysis. Representative images of NaP treatment and control samples are included in the

supplementary material (Figure S1).

2.2.10.1. Pilot study

A pilot study was performed to determine the most suitable analysis method to measure
mitochondrial parameters using Fiji/ImagelJ (Schindelin et al., 2012). All images across the 12
replicates were randomised, and the first 10 randomised images were used in the pilot study.
There is no standard analysis method to measure mitochondrial morphology. After reviewing
the literature, three image analysis methods were created based on a combination of analysis
methods (Merrill, Flippo and Strack, 2017; Collins et al., 2021; Lam et al., 2021). The three
methods of analysis were Free-Hand analysis, Edge Detector Macro analysis and

Mitochondrial Macro analysis.

Free-Hand analysis used the drawing tool to manually outline mitochondria in the images. The
Edge Detector Macro first applied a band filter to the image to remove noise. It then used the
Canny Edge Detector plug-in for Fiji/Imagel) to detect and outline objects in the image. These
outlined particles were then measured. The Mitochondrial Macro first subtracted the
background from the original image to remove noise before applying a threshold to create a
binary image. Masks of the detected objects were then created and measured. Before running
the Edge Detector Macro and the Mitochondrial Macro, another macro, called the
ROIBatchGen Macro, was used to select regions of interest (ROIls) in the image. ROIs were
selected by outlining the areas containing mitochondria using the drawing tool and saving
them to the ROl manager. This meant that when running the two analysis macros (Edge
Detector Macro and Mitochondrial Macro), the program would not measure the entire image
but only the ROIs that contained the mitochondria. This made the macros more time-efficient,
and more specific as only the mitochondria in the cell were measured instead of all organelles

being measured. The Edge Detector Macro, Mitochondrial Macro and ROIBatchGen Macro
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were written by Dr Caron Jacobs, based at the University of Cape Town and the author. All

macros are included in the supplementary materials.

In the pilot study, four parameters were measured: area, perimeter, circularity and aspect
ratio. The average measurements (in pixels) for each parameter were compared across the
three analysis methods to find out if the three methods gave the same results and were

equally adequate analysis methods.

2.2.10.2. Image analysis

The pilot study revealed that not all the methods yielded the same results, so one analysis
method needed to be chosen for the overall image analysis. The Mitochondrial Macro was
chosen as the final analysis method for all images as it was the least labour intensive and
provided the most accurate representation of the mitochondria, in relation to the objects
measured. ROIs for all images were selected before running the Mitochondrial Macro. On
average, 2 000 mitochondria were analysed for each NaP treatment, and approximately 8 200
mitochondria were analysed overall (data not shown). No mandatory parameters are needed
to be measured to quantify differences in mitochondrial morphology. Given this, the nine
parameters chosen were selected based on prior research that also aimed to investigate
mitochondrial morphology, dynamics and function specifically (Merrill, Flippo and Strack,
2017; Collins et al., 2021; Lam et al., 2021). The parameters measured were area, area?, form
factor, area-weighted form factor, aspect ratio, perimeter, circularity, Feret’s diameter and
roundness. Equations for all parameters can be found in the supplementary materials (Figure

S2).
2.2.11. Statistical analysis

Each data set was tested for normality using the Shapiro-Wilks test before assuming Gaussian
distribution and equal standard deviations and proceeding with the analysis (unless otherwise
stated). For data sets containing two samples, unpaired t-tests were performed with p<0.05
considered significant. For data sets containing more than two samples, one-way ANOVA
(mean of treatments compared to controls) and Dunnett’s test for multiple comparisons were
used to determine significance (p<0.05). Correlation analysis was performed using Pearson’s
correlation, with p<0.05 considered significant. All statistical analyses and graphs were

performed and generated using GraphPad Prism 9.4.0.
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2.3. Results

2.3.1. Sodium propionate (NaP) alters mitochondrial function

The SH-SY5Y cells were first treated with 1mM —9mM NaP for 24 hours to assess cell viability.
Any significant changes in cell viability induced by NaP would negatively affect subsequent
experiments as cell numbers would not be the same. The only significant decrease in cell
viability was at 9mM NaP (Figure 4) using the MTT assay. This agrees with previous studies
where high concentrations of PPA lead to increased oxidative stress and eventually apoptosis
(EI-Ansary, Bacha and Kotb, 2012). Due to these results, further experiments could use NaP at
concentrations below 9mM to induce mild but not toxic mitochondrial stress without inducing

cell death.
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FIGURE 4: Cell viability is not affected by mild sodium propionate (NaP)-induced stress. SH-SY5Y
cells were treated with NaP (ImM-9mM in 1mM increments) for 24 hours. Cell viability was
measured using the MTT assay and viability was calculated as a percentage of the control.
Significant differences were identified using one-way ANOVA (control compared to treatments)
and Dunnett’s test for multiple comparisons (p<0.05). Bars represent the mean percentage
viability; error bars represent standard deviations. Data shown represents n=5 biological repeats,

** indicates p<0.01.
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Changes in ATP levels occur during mitochondrial stress and can indicate mitochondrial
dysfunction. To confirm that NaP induced mitochondrial stress, resulting in changes in
mitochondrial function, ATP concentration in the SH-SY5Y cells was measured following NaP
treatment. Rotenone treatment was used as a positive control as it is a known inhibitor of
Complex | in the electron transport chain (Heinz et al., 2017; Peng et al., 2017). The cells were
treated with 1.5mM, 3mM and 5mM NaP and 5uM rotenone for 24 hours. As expected, there
was a significant decrease in ATP levels after rotenone treatment (Figure 5B). Conversely, NaP

treatment increased ATP levels significantly at 3mM and 5mM (Figure 5A).

ATP is primarily derived from oxidative phosphorylation, and so any changes in mitochondrial
function could increase or decrease ATP levels. These changes in ATP levels thus show that
there may be alterations in mitochondrial function. Specifically, the increases in ATP may be

an indication of increased mitochondrial biogenesis (Fu et al., 2016; Vaarmann et al., 2016).
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FIGURE 5: Sodium propionate (NaP) increases ATP levels. A. ATP concentration significantly
increased in comparison to controls after 3mM and 5mM NaP treatment. B. ATP concentration
significantly decreased after treatment with 5uM rotenone. SH-SY5Y cells were treated with NaP
(1.5mM, 3mM and 5mM) and rotenone (5uM) as a positive control for 24 hours. ATP
concentration (uM) was measured and the percentage of ATP compared to controls was
calculated. Significant differences were identified using unpaired t-tests with equal variance
(rotenone) or one-way ANOVA (control compared to treatments) and Dunnett’s test for multiple
comparisons (NaP) (p<0.05); significant differences for rotenone was identified using unpaired t-
test with equal variance. Bars represent the mean percentage ATP; error bars represent standard
deviations. Data shown represents n=2 biological repeats, * indicates p<0.05, ** indicates

p<0.01.

2.3.2. Determining an analysis method for transmission electron microscopy: a

pilot study
Three analysis methods (Free-Hand, Edge Detector Macro and Mitochondrial Macro) were
used to quantify mitochondrial morphological parameters for a pilot group of images to

determine the most suitable method for subsequent analysis. As all three analysis methods

were analysing the same group of images, the hypothesis was that there should be no
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differences in the parameters measured based on the analysis method. If this were the case,

any analysis method could be chosen.

The pilot group consisted of images across all biological repeats and treatments and measured
the following parameters: area, perimeter, circularity and aspect ratio. Four parameters were
chosen from Fiji/Imagel’s standard shape descriptors to ensure that if there were any
differences between the analysis methods they would be found, improving the reliability of
the pilot study as opposed to only measuring one parameter. The two automated methods,
Edge Detector Macro and Mitochondrial Macro, apply different pre-processing and processing
methods to identify mitochondria before analysing the particles, whereas the Free-Hand

method relies on the researcher to identify the outlines/edges of mitochondria.

A disadvantage of the Free-Hand analysis method is that it can differ between individuals as
the researcher has to manually trace the outlines of the organelles. To account for this
variance, a different researcher from our laboratory performed an additional Free-Hand
analysis using the pilot images to compare the four parameters between the images. Pairwise
comparison of the same image measured by the two researchers showed significant
differences in perimeter, circularity and aspect ratio (data not shown). However, unpaired
comparisons of all 10 images as a group measured by the two researchers showed no
significant differences in any parameters (Figure S3). These results allowed it to be included

as a potential candidate for an analysis method.

When comparing the parameters after using the three analysis methods, it was found that
there were significant differences in area, perimeter, circularity and aspect ratio between
Free-Hand, Edge Detector Macro and Mitochondrial Macro analyses (Figure 6). The Free-Hand
analysis method and the Mitochondrial Macro method differed in area and perimeter (Figure
6A, B), while the Free-Hand analysis and the Edge Detector Macro analysis differed between
perimeter, circularity and aspect ratio (Figure 6B, C, D). Mitochondrial Macro and Edge
Detector Macro showed substantial differences between all four parameters. Despite the fact
that they all used the same images, the differences in the processing of the images were

significantly different enough to yield different results. The next step to determine which of
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the three analysis methods was the most reproducible and preserved the most data from the

raw image to the final processed image.
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FIGURE 6: Pilot study compares three methods of image analysis. Three methods of analysis
used were Free-Hand analysis (FH), Edge Detector Macro analysis (ED) and Mitochondrial Macro
analysis (M), measuring four parameters: A. Average Area (pixels), B. Average Perimeter (pixels),
C. Average Circularity and D. Average Aspect Ratio. The pilot study consisted of 10 randomised
images across three biological repeats and controls, 1.5mM, 3mM and 5mM NaP treatments.
Significant differences were identified using one-way ANOVA and Dunnett’s test for multiple
comparisons (p<0.05). Bars represent the mean parameter; error bars represent standard

deviations. Data shown represents n=3 biological repeats, **** indicates p<0.0001.

To determine this, the raw image was compared to the final processed image across the 10
pilot images to see which analysis method most accurately outlined the mitochondria. The
Edge Detector Macro analysis method showed a lot of background noise in the final processed
image, as can be seen by the small lines surrounding the mitochondrion (Figure 7; B4). The
macro outlined this background noise and included it in the measurements. This eliminated

the Edge Detector Macro as a suitable analysis method.

The Free-Hand and Mitochondrial Macro analysis methods accurately outlined the
mitochondrion compared to the original raw image and showed no background noise (Figure

7; Al and A4; C1 and C4). The Free-Hand method manually outlined the mitochondrion (Figure
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7; A4), while the Mitochondrial Macro processed the image to display the mitochondrion as a

solid object in the ROI (Figure 7; C4).

However, the Free-Hand method was highly labour intensive as each mitochondrion had to
be outlined manually. Across all 144 images, this could lead to inaccuracy. Additionally, as it
was labour intensive it was also not time efficient. From this it was concluded that the
Mitochondrial Macro method was the most suitable analysis method as it accurately outlined

the mitochondrion and, as it was mostly automated, was the most time-efficient option.
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FIGURE 7: Comparison of raw image versus processed image of three analysis methods used in
the pilot study for transmission electron microscopy (TEM) analysis. Rows A-C show the three
different analysis methods. A. Free-Hand analysis, B. Edge Detector Macro analysis, C.
Mitochondrial Macro analysis. Columns 1-4 are different steps in the analysis workflow. Columns
1 and 2 are images of the whole cell. Column 1 is the raw image before processing and Column 2
shows the image after processing for the macros in B and C. Columns 3 and 4 are zoomed in
images to show one mitochondrion. The zoomed in area of the cell is outlined in red in column
2. Column 4 shows how one mitochondrion looks at the last step in each analysis workflow in the
final processed image. The yellow outline in column 4 is the region of interest (ROI) that is
measured. These images represent 10 randomised images across three biological repeats and
controls, 1.5mM, 3mM and 5mM NaP treatments that were used in the pilot study. Figure made

in BioRender.com
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2.3.3. Mitochondrial morphology under NaP-induced mitochondrial stress

The relationship between mitochondrial function and morphology has been well established
and explored in several reviews (Mattson, Gleichmann and Cheng, 2008; Palmer et al., 2011;
Galloway, Lee and Yoon, 2012). Despite this, many studies that examine morphology only
report qualitative findings and often use fluorescent microscopy. TEM provides an
opportunity to observe the ultrastructure of mitochondria and have a more detailed
examination of morphological parameters. The SH-SY5Y cells treated with three
concentrations of NaP (1.5mM, 3mM, 5mM) underwent TEM preparation, high-pressure
freezing and freeze substitution for TEM image analysis. Nine parameters were used to
analyse mitochondrial structure, which were compared among the treatments. These
parameters were: area, area?, area-weighted form factor, form factor, aspect ratio, perimeter,
circularity, Feret’s diameter and roundness. Of the nine parameters, there were significant
differences between treatments and control in five of them: area, perimeter, circularity form

factor and Feret’s diameter (Figure 8).

The area was significantly decreased in all treatment groups compared to controls (Figure 8A),
perimeter and Feret’s diameter were significantly decreased at 1.5mM and 5mM (Figure 8B,
E) and form factor was significantly decreased at 5mM (Figure 8D). Circularity was the only
parameter significantly increased at 5mM (Figure 8C). The decrease in area and perimeter and
an increase in circularity indicate that cells treated with 5mM NaP have mitochondria that are
not as elongated as those in control cells and are smaller and more circular. A decrease in
Feret’s diameter supports this as it independently shows that the longest distance between
the edges of the particles (or a version of length) is decreasing. Whether these are existing
mitochondria which are undergoing fission and becoming smaller and more circular or it is an
increase in mitochondrial biogenesis with newly produced smaller mitochondria cannot be

determined by TEM.
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FIGURE 8: Mitochondrial morphology is altered during mitochondrial stress. SH-SY5Y cells
treated with sodium propionate (NaP) for 24 hours underwent preparation for transmission
electron microscopy (TEM) and results were analysed using Fiji/lmagel. Five of the nine
parameters showed significant differences between control (OmM NaP) and treated (1.5mM,
3mM, 5mM NaP) cells. A. Area, B. Perimeter, C. Circularity, D. Form Factor, E. Feret’s Diameter.
Significant differences were identified using one-way ANOVA (control compared to treatments)
and Dunnett’s test for multiple comparisons (p<0.05). Bars represent the mean parameters; error
bars represent standard deviations. Data shown represents n=3 biological repeats; a total of 144
images; 2 000 mitochondria per treatment; 8 200 mitochondria in total; * indicates p<0.05, **

indicates p<0.01 and *** indicates p<0.001.
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2.3.4. Mitochondrial copy number and STOML2 expression are affected by NaP-

induced mitochondrial stress

MT-DNA copy number is used as an indicator of mitochondrial function or homeostasis and is
known to increase under oxidative stress (Gaziev, Abdullaev and Podlutsky, 2014). After 24
hours of NaP treatment, RT-qPCR of MT-ND1 relative to B2M showed elevated levels of MT-
DNA copy number across all NaP concentrations (Figure 9A). There was a significant increase
in MT-DNA copy number at 5mM compared to the control using unpaired t-test analysis
(Figure 9A), although there was no significant increase in MT-DNA copy number across the

three concentrations when analysing with ANOVA.

STOML2 has a role in both mitochondrial hyperfusion and mitophagy (Tondera et al., 2009).
Therefore, any changes in its expression may reflect potential mitochondrial compensatory
mechanisms that balance the effects of mitochondrial stress. STOML2 expression was
significantly decreased across all NaP treatments (Figure 9B). Therefore, both the MT-DNA
copy number and STOML?2 expression data support the premise of mitochondrial morphology

changes in response to NaP-induced mitochondrial stress.
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FIGURE 9: MT-DNA copy number and STOML2 expression are altered during mitochondrial
stress. A. MT-DNA copy number is significantly elevated after 5mM sodium propionate (NaP)
treatment. Relative quantification of MT-DNA copy number was performed by RT-qPCR of MT-
ND1 and B2M. B. STOML2 expression is significantly down regulated after 1.5mM, 3mM and
5mM NaP treatment. Relative quantification of STOML2 expression was performed by RT-qPCR
of STOML2 and B2M. Significant differences were identified using one-way ANOVA (control
compared to treatments) and Dunnett’s test for multiple comparisons (p<0.05) for STOML2
expression and unpaired t-test with equal variance for MT-DNA copy number (control compared
to 5mM). Bars represent the mean expression; error bars represent standard deviations. All data
shown represents n=3 biological repeats, * indicates p<0.05, ** indicates p<0.01 and ***

indicates p<0.001.

2.3.5. Mitochondrial morphological parameters correlate significantly with

mitochondrial gene expression

An increase in MT-DNA copy number and decrease in STOML2 expression suggest that the
mitochondrial morphology changes may be mediated by an increase in biogenesis and a

decrease in mitochondrial fusion. To further explore this hypothesis, associations between the

52



five significant morphology parameters (area, perimeter, circularity, form factor and Feret’s

diameter) and/or MT-DNA copy number and STOML2 expression were investigated.

Significant correlations existed between area, perimeter, Feret’s diameter and STOML2
expression. These three morphology parameters all showed a positive correlation with
STOML2 (Pearson’s area r=0.79, perimeter r=0.74, Feret’s diameter r=0.72, p<0.01) (Figure
10). This positive correlation further supports the hypothesis of a decrease in fusion activity
during NaP-induced stress as mitochondrial shape gets smaller as STOML2 expression
decreases. There was no significant correlation between morphology parameters and MT-

DNA copy number or between MT-DNA copy number and STOML?2 (Figure S5).
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FIGURE 10: The relationship between MT-DNA copy number, STOML2 and morphological

parameters. Heatmaps show the Pearson’s rank correlations between MT-DNA copy number,

STOML2 and the morphological parameters A. Area, B. Perimeter and C. Feret’s diameter. Rho is

represented according to the color key provided, **=p<0.01, n=3 biological repeats for all groups.

2.4. Discussion

Mitochondrial dynamics are essential for maintaining mitochondrial homeostasis and
preserving the function of the mitochondrial network (Khacho and Slack, 2018). Any changes
in these processes due to cellular stresses, such as oxidative stress, would impact the

functioning of the mitochondrial network, which could have significant implications for the
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function of neuronal cells. This is evident by mitochondrial dynamics being implicated in many
neurological disorders (Yang et al., 2021). The SH-SY5Y neuronal cell model used in this thesis
successfully recapitulated “ASD-associated” mitochondrial dysfunction using NaP.
Interestingly, the data presented indicate that the role played by mitochondrial dynamics in
NaP-induced mitochondrial dysfunction may involve a broader systemic dysregulation of both
mitochondrial biogenesis and mitophagy. However, it must be noted that this is a cell model
system using the SH-SY5Y cell line, which are cancerous cells that have been transformed.

Because of this SH-SY5Y cells may already have some level of mitochondrial dysfunction.

During NaP-induced stress, ATP concentration and MT-DNA copy number increased
significantly (at 3mM and 5mM, and 5mM, respectively). The increase in MT-DNA copy
number confirms mitochondrial dysfunction as it is regularly used as a marker for
mitochondrial stress (Castellani et al., 2020). The above-mentioned increases are consistent

with changes in mitochondrial biogenesis.

Biogenesis is the process whereby mitochondrial mass in a cell is increased by MT-DNA copy
number by DNA replication and the synthesis of new mitochondrial lipids and proteins to
create new organelles. This increase in mitochondrial mass allows more ATP to be synthesised
in the cell (Zhu, Wang and Chu, 2013; Uittenbogaard and Chiaramello, 2014). The complex
mitochondrial biogenesis pathway involves many players, such as peroxisome proliferator-
activated receptors (PPARs), transcription factor A, mitochondrial (TFAM), nuclear respiratory
factors (NRF1 and NRF2) and others (Zhu, Wang and Chu, 2013; Palikaras and Tavernarakis,
2014). A well-known key regulator in this pathway is PPAR gamma coactivator 1 alpha (PGC-
1a), with increases in PGC-1a expression resulting in increases in MT-DNA copy number,
mitochondrial mass and ATP (Viscomi et al., 2011; Vaarmann et al., 2016; Chaudhary et al.,
2021).

An increase in mitochondrial biogenesis in the context of this NaP-induced mitochondrial
stress could indicate that biogenesis compensates for oxidative stress, as shown in previous
studies (Chen et al., 2011). Furthermore, this upregulation of biogenesis would lead to an
increase in MT-DNA copy number. Investigating the expression or protein levels of biogenesis
genes such as PGC-1a in this cell model system would support this hypothesis; this was not
part of the scope of this project and this is currently an ongoing project in our research group.
There are also other methods that can be used to determine increases in mitochondrial mass
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such as citrate synthase activity and fluorescent dyes which can be used in future research

(Stremming et al., 2012; Doherty and Perl, 2017).

Mitochondrial dynamics intrinsically affect mitochondrial morphology. For example, fusion,
fusing two or more mitochondria, would be characterized by an elongated mitochondrial
shape and increased mitochondrial area and perimeter. On the other hand, fission, the
splitting of one mitochondrion into individual mitochondria, would result in the opposite
change in morphology, such as a smaller, more circular shape and decreases in area and
perimeter. Maintenance of mitochondrial morphology by these dynamics is essential for
proper functioning, and abnormal visible changes in morphology can signify mitochondrial

dysfunction and cellular stress (Galloway, Lee and Yoon, 2012).

This cell model showed significant differences in mitochondrial morphology between controls
and NaP-treated cells. From TEM analysis, five morphological parameters were significantly
different (area, perimeter, circularity, form factor and Feret’s diameter). Area, perimeter and
form factor were significantly decreased (across all concentrations, at 1.5mM and 5mM, and
5mM, respectively), indicating that the average size of mitochondria was becoming smaller.
Additionally, Feret’s diameter was significantly decreased (at 1.5mM and 5mM) and circularity
was significantly increased (at 5mM), showing that mitochondrial shape became more
spherical. Together, all these changes in ultrastructure indicate that NaP treatment results in
smaller, rounder mitochondria in the cell. This is consistent with fission, which is increased

during NaP-induced mitochondrial stress.

In this cell model system, TEM was a useful tool to visualise changes in mitochondrial
morphology instead of only relying on changes in fusion or fission genes to indicate
morphological changes. However, there are limitations to the TEM methods. Capturing these
cell images is a labour-intensive process, and it is nearly impossible to capture images of every
cell in the sample which could lead to bias when choosing the images (Lam et al., 2021).
Additionally, sample preparation can result in artefacts leading to incorrect conclusions from
the data, although this limitation can be solved to a certain extent if cryogenic techniques are
used. Additionally, electron microscopy costs are relatively high compared to other imaging
methods such as fluorescent microscopy. However, TEM remains a powerful tool to visualise

mitochondrial morphology using a single method. In addition, collecting quantitative data

55



from TEM images, as opposed to only qualitative data, helps to further support the data

gathered from gene expression.

The implications of these morphological changes are supported by the significant decrease in
STOML2 expression across all NaP treatments. The STOML2 protein is thought to be involved
in fusion, specifically in maintaining the long isoforms of OPA1l (L-OPA1), the protein
responsible for fusing the inner mitochondrial membrane (Hajek, Chomyn and Attardi, 2007;
Tondera et al., 2009). A significant decrease in STOML2 expression would lead to a decrease
in L-OPA1 downstream, inhibiting fusion of the inner mitochondrial membrane. Correlation
analysis between the morphological parameters and STOML2 expression revealed that area,
perimeter and Feret’s diameter were significantly positively correlated with STOML2
expression. A decrease in fusion would have the same morphological consequences as an
increase in fission. This imbalance in mitochondrial dynamics would be confirmed by
measuring the expression and/or protein levels of key fusion and fission factors such as DRP1,
FIS1, MFN1, MFN2 and OPA1 isoforms. Unfortunately, these experiments could not be
explored in this thesis due to time constraints but is currently an ongoing project in our

research group.

The favouring of fission over fusion is supported by previous studies examining mitochondrial
dynamics and ASD. It has been reported that fusion gene expression and protein levels were
decreased in brain tissue of ASD patients (Anitha et al., 2012; Tang et al., 2013). Additionally,
this decrease in fusion proteins (MFN1, MFN2 and OPA1) was accompanied by an increase in
fission proteins (DRP1 and FIS1) (Tang et al., 2013). The favouring of fission over fusion in the
context of NaP-induced oxidative stress is consistent with the changes that might be expected
due to oxidative stress and ROS leading to mitochondrial damage. One of the primary roles of
fission is to mitigate mitochondrial dysfunction as a precursor to mitophagy. Fission separates
damaged mitochondrial components from the healthy mitochondrial network to preserve its

function and prevent further damage (Youle and Bliek, 2012).

However, other studies on the relationship between fission and fusion in ASD have found
conflicting evidence. For example, Carrasco et al. (2019) found increased expression of both
fusion and fission genes (MFN1, MFN2, OPA1, DRP1 and FIS1) in buccal mucosa samples in the
ASD cohort, while Pecorelli et al. (2020), using fibroblasts from ASD patients and controls,
found increased fusion and fission gene expression (MFN1, MFN2, DRP1 and FIS1) with
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correspondingly increased protein expression of MFN1 and FIS1, although DRP1 protein
expression decreased. These differences in the reported expression of fusion/fission genes in
ASD could be due to the different tissue types used. Alternatively, the differences could reflect
the small sample sizes used in these studies (the number of participants in ASD and control
groups ranged from 8-25) or the variance within ASD and the “mitochondrial-endophenotype”
in the study. Even though there is no consensus on the direction of the relationship between
fission and fusion in ASD, there is consistent evidence that alterations in mitochondrial

dynamics play an essential role in ASD aetiology.

In this context, cell models can help to shed more light on the relationship between
mitochondrial function, morphology and dynamics. The data presented here shows that
increased MT-DNA copy number and ATP concentration are associated with increased fission
activity and decreased fusion activity and is supported by decreased STOML2 expression in
vitro. Several previous studies support these data. Tang et al. (2013) found evidence of
increased mitochondrial mass with increased protein levels of DRP1 and FIS1 and decreased
levels of MFN1, MFN2 and OPA1 in the primary neurons of ASD brain tissue. Kim et al. (2019)
showed increased MT-DNA copy number and decreased mitochondrial size after PPA
treatment in SH-SY5Y cells. Carrasco et al. (2019) also found increased MT-DNA copy number
in ASD participants in upward trends for fission gene expression (although fusion gene

expression was also elevated).

On the other hand, there is also evidence for an inverse relationship between mitochondrial
biogenesis and fission.  Studies have shown that PGC-Ia upregulates fusion and
downregulates fission suggesting that an increased MT-DNA copy number would correlate
with a decrease rather than an increase in fission (Dabrowska et al., 2015; Peng et al., 2017).
However, it is important to consider the complexity of the numerous pathways that converge
on the regulation of biogenesis and mitochondrial dynamics. While PGC-1a is an essential
transcriptional regulator of numerous key genes of mitochondrial biogenesis and dynamics,
both processes are also regulated by independent pathways that respond to oxidative and
metabolic stress. For example, NFE2L2 is an important redox-sensitive regulator of
mitochondrial biogenesis (Ryoo and Kwak, 2018), while PINK1, Parkin and P62 are critical
modulators of fusion and fission that respond to signals of mitochondrial dysfunction (Lim et

al., 2012). The increase in mitochondrial copy number reported in this study is not necessarily
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PGC-1a dependent; moreover, an increase in PGC-1a signalling does not necessarily directly

relate to an increase in fusion as many other factors could be mediating this relationship.

The relationship between increased mitochondrial biogenesis and increased fission activity
could also be explained by an imbalance between biogenesis and mitochondrial degradation
(Figure 11). This opens the possibility of biogenesis and mitophagy being involved in
mitochondrial dynamics in ASD. Biogenesis and mitophagy are opposing processes that must
strike a balance in the cell to maintain mitochondrial mass and homeostasis (Figure 11)
(Palikaras and Tavernarakis, 2014; Popov, 2020). Biogenesis is needed to increase
mitochondrial mass, but overexpression can cause abnormally high levels of ROS. On the other
hand, mitophagy is needed to remove damaged mitochondrial components to maintain a
healthy network as an accumulation of damaged mitochondria can increase oxidative stress
and inflammation, but overactivity can lead to a dangerous decrease in mitochondrial mass

(Palikaras and Tavernarakis, 2014).

An increase in biogenesis and fission activity indicates that the mitochondrial network is
attempting to maintain this balance and sustain a consistent mitochondrial mass. However,
the increase in MT-DNA copy number reported in this study may be due to a decrease in
mitophagy rather than, or as well as, an upregulation of biogenesis (Figure 11). The smaller
mitochondria visualized using TEM may represent healthy and damaged mitochondria that
have been separated via fission but the latter not having undergone mitophagy (Figure 1 and
Figure 11). This could be evidence of damaged/dysfunctional mitochondria being retained by
the cell due to defects in the mitophagy pathway. This would also result in an increase in ROS
in the cell as increased biogenesis with impaired mitophagy would allow damaged
mitochondria to continue producing ROS and too many mitochondria in the cell (Wang et al.,
2021). There has been evidence of Parkin and PINK1 (key regulators of mitophagy) being
altered in ASD and other mitophagy factors (Wang et al., 2021). This hypothesis suggests
another pathway that could be investigated in the future by using TEM to examine the
expression of key mitophagy genes and quantifying mitophagy parameters. The exact
interplay between these two processes in mitochondria is still unknown, and the possibility of
mitochondrial dynamics being involved in this balance is an exciting one that should be further

explored.
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Chapter 3

Differential DNA Methylation Analysis in a South African ASD

Cohort

3.1. Introduction

Gene expression can be altered without changing the genetic sequence as a result of DNA
methylation. The study of DNA methylation patterns falls under the umbrella term of
epigenetics, referring to any changes in gene expression that occur without changing the DNA
code. Epigenetic modifications include histone modifications, DNA methylation, chromatin re-
structuring or non-coding RNAs (Jin and Liu, 2018; Tremblay and Jiang, 2019). During cell
differentiation, DNA methylation specifies the development of different tissue types (Jaenisch
and Bird, 2003). DNA methylation is also essential in regulating neurogenesis, highlighting its
importance in the brain (Moore, Le and Fan, 2013). Although prevalent in development, DNA
methylation changes continue to occur throughout childhood and adulthood to regulate cell

function (Ciernia and LaSalle, 2016).

Differential DNA methylation can occur anywhere in the gene but was initially found in CpG
islands. These DNA regions are usually non-methylated but when methylation occurs, it
usually results in gene silencing. It is common for these CpG islands to occur in gene promoter
regions, and most methylation studies have focused on this region (Weng et al., 2013).
However, emerging evidence shows that changes in methylation patterns can occur in the
gene body, frequently in the region after the first exon, or in non-CpG islands (Maunakea et

al., 2010; Ladd-Acosta et al., 2014; Nardone et al., 2017; Ehrlich, 2019).

Changes in methylation patterns can lead to both increased and decreased gene expression.
Hypermethylation in the promoter region has been associated with gene silencing, whereas
in the gene body it has been associated with increased expression (Ehrlich, 2019). Similarly,
hypomethylation is associated with increased and decreased gene expression (Hon et al.,
2012; Nardone et al., 2014). This suggests that there is no fixed rule of hypermethylation

leading to gene silencing and hypomethylation leading to increased expression. Instead, the
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effect that hyper- or hypomethylation has on gene expression depends on the specific gene
and where in the gene it occurs (Tremblay and Jiang, 2019). Additionally, the difference in
methylation does not have to be large to have a significant effect. In a brain tissue study
between ASD cases and controls, Ladd-Acosta et al. (2014) found methylation differences
ranging from 6.6% - 15.8%, which were all statistically significant. Significant biological
differences can exist between controls and the affected group, regardless of how large or

small the percentage methylation differences are.

DNA methylation, in relation to diseases and disorders, occurs due to changes in any of the
players involved in the methylation pathway. DNA methyltransferases (Dnmt) are known as
the writers of DNA methylation because they add methyl groups to cytosine residues. Dnmt1
is involved in copying methylation patterns during cell replication in embryonic development,
while Dnmt3a and Dnmt3b are involved in de novo DNA methylation (Weng et al., 2013;
Tremblay and lJiang, 2019). Mutations in the Dnmt genes themselves would lead to
dysfunctional Dnmt proteins. This would affect their ability to successfully copy DNA
methylation patterns (Klein et al., 2011; Moore, Le and Fan, 2013). Other factors which
influence Dnmt regulation could also impact their function leading to irregular methylation

patterns (Moore, Le and Fan, 2013; Weng et al., 2013; Semick et al., 2019).

Other essential proteins in the methylation pathway are readers of DNA methylation, which
‘interpret’ methylation patterns (Weng et al.,, 2013; Good, Vincent and Ausié, 2021).
Mutations in DNA methylation readers are another way to introduce epigenetic changes.
Although methylation patterns would not change, gene expression would change due to
incorrect reading. An example of this is Rett’s syndrome, caused by a mutation in the MeCP2

gene involved in reading DNA methylation (Good, Vincent and Ausid, 2021).

Rett’s syndrome is an example of single gene methylation changes or mutations leading to
changes in gene expression. However, most neurological disorders are more complex, with
multiple genes and pathways involved (Moore, Le and Fan, 2013). For example, studies
examining bipolar disorder have found differences in DNA methylation between patients and
controls at multiple gene sites, and other psychiatric disorders, such as major depression and
schizophrenia, have shown similar results (Kuratomi et al., 2008; Mill et al., 2008). In addition,
differential methylation at multiple sites has also been studied in neurodegenerative
disorders. For example, Alzheimer’s and Parkinson’s diseases have been associated with
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multiple CpG sites and regions of differential methylation (Chuang et al., 2017; Semick et al.,
2019).

The importance of epigenetics in ASD has been discussed in multiple reviews (Rylaarsdam and
Guemez-Gamboa, 2019; Tremblay and Jiang, 2019; Wisniowiecka-Kowalnik and Nowakowska,
2019; Yoon et al., 2020). Wong et al. (2014) examined methylation patterns of 50 pairs of
monozygotic twins regarding ASD. As monozygotic twins have identical gene sequences, any
discordance between the twins can be attributed to epigenetic factors. There were both CpG
site-specific and region-specific differences in methylation patterns between the discordant
twin pairs. This study was seminal in demonstrating that ASD has an epigenetic component
(Wong et al., 2014). Other studies have found differential methylation at specific CpG sites
and gene regions in ASD (Ladd-Acosta et al., 2014; Nardone et al., 2014).

DNA methylation is a useful biomarker for various diseases and disorders. As cancers have
been found to have epigenetic signatures, tests are being developed to use methylation to
detect different types (Levenson, 2010; Feinberg, Koldobskiy and Gondoér, 2016). Certain
neurological disorders, such as fragile X syndrome, Angelman syndrome and Prader-Willi
syndrome, can also be diagnosed through DNA methylation assays (Ai et al., 2012). For
example, fragile X syndrome is caused by repeats of the CGG nucleotide in the FMR1 gene,
which are subsequently methylated, leading to gene suppression. The disorder is diagnosed
by measuring the size of the FMR1 gene but can also be diagnosed by measuring the DNA
methylation levels of the FMR1 gene (Schenkel et al., 2016). In comparison, ASD is a more
complex disorder as DNA methylation at several genes has been associated with its aetiology
(Ciernia and LaSalle, 2016). Thus, for DNA methylation to potentially be used as a biomarker
for ASD, a methylation test would require examining a group of genes rather than just one
gene. Although these tests are still under development, this would be an interesting concept

for future studies to explore (Ehrlich, 2019).

Examining DNA methylation in neurological disorders is difficult because access to brain
samples from living patients is unattainable. Although post-mortem brain tissue is used in
many studies to show epigenetic differences (Corley et al., 2019), access to these types of
samples is limited. Therefore, a proxy for brain DNA methylation is needed (Jin and Liu, 2018).
Blood has traditionally been used, but recently buccal and saliva samples have proven to be
as useful, if not more useful, as blood samples. Furthermore, both buccal and saliva samples
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have been shown to overlap in DNA methylation patterns in brain tissue, making them an

adequate proxy (Lowe et al., 2013; Smith et al., 2015).

This chapter reports the use of buccal samples from a previously established South African
ASD cohort, an understudied population, to measure DNA methylation (Stathopoulos et al.,
2020). The genes analysed are based on their roles in mitochondrial dynamics (specifically
fusion and fission) and the RNA expression work done in a cell model system described in
chapter two of this thesis. The analysis of this chapter explores the hypothesis that changes in
gene expression and mitochondrial morphology in the cell model system may be associated
with changes in DNA methylation at these genes in our ASD cohort. If this were the case, it
would support the utility of the cell culture model system used to recapitulate “ASD-like”
mitochondrial stress and support the overall hypothesis of mitochondrial dynamics
contributing to the ASD aetiology. The data presented and analyses | performed, as described

in this chapter, have also been included in a recent publication by Bam et al. (2021).

3.2. Materials and methods

3.2.1. Study participants and DNA sample collection

DNA samples previously collected from an established South African cohort of children were
used (Stathopoulos et al., 2020). Male and female participants were recruited in the original
cohort study, but only male participants (6-12 years) were used due to insufficient female
participants. This also served to “narrow” our ASD phenotype, given the sex differences in ASD
(Ferri, Abel and Brodkin, 2018). All participants were assessed using the Autism Diagnostic
Observation Schedule, Second Edition (ADOS-2) to ensure that ASD and control participants
displayed the correct phenotype for their group. The cohort included children diagnosed with
ASD and age- and gender-matched controls (included in this analysis were ASD: n=55; controls:
n=43). DNA was previously extracted from buccal cell samples from participants. This study
involving participants was reviewed and approved by the University of Cape Town, FSREC076-
2014. The legal guardians or parents supplied their written informed consent to the
participation of the children in the study. The participants also agreed to participate as any
participants not willing to complete the ADOS-2 assessment or provide a buccal sample were

excluded from the study.
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3.2.2. Targeted next-generation bisulfite sequencing (tNGBS)

DNA samples were sent to EpigenDx, Inc. (MA, USA) for tNGBS. Six genes were selected for
tNGBS based on their roles in mitochondrial fusion and fission and 25 assays across 98 CpG
sites were designed (Table S2). Two assays covered 11 CpG sites for DRP1, four assays covered
30 CpG sites for FIS1, one assay covered 18 CpG sites for MFN1, five assays covered 26 CpG
sites for MFN2, five assays covered 25 CpG sites for OPA1 and eight assays covered 45 CpG
sites for STOML2. Methylation levels at each CpG site were measured and calculated as a
percentage of total reads. DNA methylation for MFN1 and STOML2 was quantified in a larger
validation cohort of ASD (n=55) and controls (n=43). DNA methylation of the other four genes,
DRP1, FIS1, MFN2 and OPA1, was quantified in a subset of samples from the cohort of ASD
(n=22) and controls (n=22).

3.2.3. Statistical analysis

Multiple unpaired t-tests, assuming Gaussian distribution and unequal variance, were
performed to find significantly differentially methylated CpG sites between ASD and controls
(p<0.05). The False Discovery Rate (FDR) test was used to correct for multiple comparisons
using the Benjamini, Krieger, and Yekutieli method where Q=0.01. Simple logistic regression
was performed on the seven significant CpG sites (p<0.05) across four genes. Percentage
methylation was the independent variable and ASD vs Control was the dependent variable

(ASD=1, Control=0). All analyses were performed in GraphPad Prism 9.4.0.

3.3. Results

3.3.1. Methylation patterns differ across CpG sites

Six genes were used in tNGBS to investigate whether changes in DNA methylation patterns
affect genes implicated in mitochondrial fusion and fission. The fusion genes, MFN1, MFN2,
OPA1 and STOML2, and the fission genes, DRP1 and FIS1, were chosen based on their roles in
mitochondrial dynamics. The differential methylation between ASD and control groups across
these six genes demonstrated how much DNA methylation can vary between different CpG
sites (Figure 12). The methylation percentage ranged from 0% to 100% among different

individuals. There were also large differences in methylation levels across CpG sites in the
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same gene. However, there was no definitive direction of methylation across all genes when
comparing the ASD and control groups. At some CpG sites, the ASD group was
hypermethylated compared to the control group, while at other sites, the ASD group was

hypomethylated compared to the control group (Figure 12).
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FIGURE 12: CpG sites located in mitochondrial fusion and fission genes were measured for
differential methylation. Targeted next generation bisulfite sequencing (tNGBS) was used to
measure percentage methylation. Individual percentage methylation readings for each CpG site
for the ASD (dark blue) and control (light blue) groups are shown in the scatter plots with the
bars representing the mean of each group. A. DRP1 CpG sites, B. FIS1 CpG sites, C. MFN1 CpG
sites, D. MFN2 CpG sites, E. OPA1 CpG sites, F. STOML2 CpG sites. The individual values at each
CpG site For MFN1 and STOML2 CpG sites, ASD=55, controls=43. For DRP1, FIS1, MFN2 and OPA1,
ASD=22, controls=22.

3.3.2. Fusion and fission genes are differentially methylated in ASD

Of the 98 CpG sites examined, seven sites were significantly differentially methylated between
the ASD and control groups (p<0.05), with these sites located in FIS1 (FIS1 #31), MFN2 (MFN2
#-222, MFN2 #-224), OPA1 (OPA #1, OPA #845) and STOML2 (STOML2 #30, STOML2 #43)
(Table 1; Figure 13). A range of differential methylation was detected among these significant
sites, ranging from 0.06% to 97.36%. CpG sites in FIS1, MFN2 and STOML2 were

hypermethylated, while CpG sites in OPA1 were hypomethylated in the ASD group (Table 1).

These results also demonstrated that even a small difference in methylation could be
statistically significant. At CpG sites, MFN2 #-222, MFN2 #-224 and STOML2 #30 there are
relatively small differences in the mean methylation between the ASD and control group
(Figure 13A, B, E). However, at OPA1 #1, OPA1 #845, STOML2 #43 and FIS1 #31 the difference

in the mean methylation was large (Figure 13C, D, F, G).
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TABLE 1: Significantly differentially methylated CpG sites. CpG sites of FIS1, MFN2, OPA1

(ASD=22, controls=22) and STOML2 (ASD=55, controls=43). CpG sites are numbered

relative to the ATG translational start codon. The CpG site location is relative to the

transcription start site (TSS). Mean percentage methylation of the ASD and control groups

and p-values for each CpG site are displayed.

CG Site CpG Location Mean Methylation (%) pvalue
from TSS ASD Control
MFN2 #-224 5-Upstream 17,87 11,33 0,047
MFN2#-222 5-Upstream 17,11 10,60 0,032
OPA1 #1 Exon 1 0,06 0,41 0,016
OPA1 #845 Intron 28 97,05 97,36 0,038
STOML2 #30 Intron 2 19,28 16,29 0,011
STOML2 #43 Exon 5 96,52 96,11 0,044
FIS1 #31 Intron 1 0,24 0,11 0,041
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FIGURE 13: Mitochondrial fusion and fission factors are significantly differentially methylated

in autism spectrum disorder (ASD). Percentage methylation was measured using targeted next

generation bisulfite sequencing (tNGBS) of CpG sites and found significant differential

methylation at A. MFN2 #-224, B. MFN #-222, C. OPA1 #1, D. OPA1 #845, E. STOML2 #30, F.

STOML2 #43 and F. FIS1 #31. Data show the percentage methylation readings for all individuals

in the ASD (dark blue) and control (light blue) groups for each CpG site. For MFN2, OPA1 and FIS1

CpG sites, ASD=22, controls=22. For STOML2 CpG sites, ASD=55, controls=43.

The mean

percentage methylation for each group is shown, error bars represent standard deviation.
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FIGURE 13 continued: Significantly differentially methylated CpG sites were identified using
multiple unpaired two-tailed t-tests which assumed Gaussian distribution and unequal variance.
All sites shown are significantly differentially methylated (p<0.05). This figure is similar to figure

2 in Bam et al. (2021).

The locations of the significantly differentially methylated sites were plotted on gene diagrams
in relation to the transcription start site (TSS) (Figure 14). CpG sites for FIS1 #31, OPA #845
and STOML2 #30 are all located in introns, OPA1 #1 and STOML2 #43 are in exons and both
MFN2 #-224 and MFN2 #-222 are located upstream of the TSS (Table 1; Figure 14). The
differing locations of these CpG sites implies that DNA methylation across the gene could

impact gene expression rather than being constricted to a particular area.
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A, CpG#224 CpG #-222
-631 -576

MFN2
-9488 -9433 -8857
5' upstream TsS
B. CpG #1 CpG #845
199 95025
-192 7 94833
TSS Exon 1 Intron 28
C. CpG #30 CpG #43
536 1392
-37 499 1355
TSS Intron 2 Exon 5
D. CpG #31
657
-77 580
TSS Intron 1

FIGURE 14: Gene diagrams of four fusion and fission genes showing the locations of the seven
significantly differentially methylated CpG sites. Each diagram displays the significant CpG sites
in relation to the transcription start site (TSS) (top number) and translational start codon (bottom
number). The shaded red areas indicate the promoter region and the shaded grey areas indicate
the rest of the gene body. The CpG sites are shown by the black pins. A. MFN2 gene and the CpG
sites #-224 and -222 B. OPA1 gene and the CpG sites #1 and #845 C. STOML2 gene and the CpG
sites #30 and #43 D. FIS1 gene and the CpG site #31. This figure is similar to figure 1A in Bam et

al. (2021) and is based on diagrams provided by EpigenDx, Inc. Figure made in BioRender.com
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3.3.3. Methylation patterns correlate significantly with ASD

DNA methylation can be used as a biomarker for certain neurological disorders (Ai et al.,
2012). Therefore, to explore whether the DNA methylation found in our cohort may
potentially be used as biomarkers, models were created to test whether there was a
relationship between percentage methylation at the seven significantly differentially
methylated CpG sites and whether these sites were present in the ASD or control group.
Simple logistic regression was used with percentage methylation as the independent variable
and ASD or control as the dependent variable. Models were created for each of the seven CpG

sites, and the likelihood ratio test was used to test the null hypothesis.

All seven CpG sites had significant relationships between the variables (p<0.05) (Table 2). The
unadjusted odds ratios, X at 50% and the p-values of the likelihood ratio test for each site are
also shown (Table 2). The odds ratios demonstrate how the odds of being grouped as ASD
increases with a 1% increase in methylation. For example, at STOML2 #30, for every 1%
increase in methylation, the chances of being in the ASD group increase by 1.109. The
percentage of methylation where the odds of being classified as ASD is 50% is shown as X at
50% (Table 2). These data show how combining different CpG sites in the future could lead to

DNA methylation being used as a biomarker as an additional means to diagnose ASD.
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TABLE 2: Simple logistic regression shows a relationship between DNA methylation at
certain CpG sites and autism spectrum disorder (ASD) diagnosis. Simple logistic regression
was performed where X=percentage methylation and Y=ASD or control (ASD=1, control=0).
The CpG sites used were those that were determined to be significantly differentially
methylated between the ASD control groups after multiple unpaired t-tests, assuming
Gaussian distribution and unequal variance. The seven CpG sites are located across four
genes: STOML2 (ASD=55, controls=43); FIS1, MFN2 and OPA1 (ASD=55, controls=43). After
modelling simple logistic regression, all seven CpG sites had slopes that had significant
deviation from zero using the likelihood ratio test (p<0.05). The unadjusted odds ratios, X

at 50% and p-values for the seven CpG sites are shown.

CpG Site Unadjusted Odds Ratio X at 50% P-value
MFN2 #-224 1,076 14,62 0,0337
MFN2#-222 1,087 13,83 0,0232

OPA1 #1 0,05357 0,1339 0,0056
OPA1 #845 0,2499 97,21 0,0328
STOML2 #30 1,109 15,26 0,0082
STOML2 #43 1,534 95,74 0,0407

FIS1 #31 245,6 0,05886 0,0148

3.4. Discussion

Differential methylation of genes can affect numerous biological pathways and is implicated
in many diseases and disorders such as autoimmune diseases, cancers, metabolic disorders
and neurological disorders (Jin and Liu, 2018). Differential methylation, and the wider field of
epigenetics, of which it is a part, provides an explanation for changes in gene expression,

particularly in the context of disorders that are not linked to mutations.

It is well established that differential methylation is important in neurodevelopment and has
been linked to ASD aetiology (Moore, Le and Fan, 2013; Corley et al., 2019; Yoon et al., 2020).

In a previous study using this South African ASD cohort, multiple genes were screened for
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differential methylation. Most of the identified genes converged on mitochondrial pathways,
suggesting that mitochondrial dysfunction may be involved in ASD aetiology. The most
differentially methylated gene was STOML2, whose protein is associated with mitochondrial
fusion. Their genome-wide methylation data were supported by urinary metabolomic data
(Stathopoulos et al., 2020). Additionally, multiple studies have shown associations between
mitochondrial dysfunction and ASD using gene and protein expression and biochemical data
(Griffiths and Levy, 2017). The role of mitochondrial dynamics in maintaining mitochondrial
function has been demonstrated in mitochondrial research, particularly the role it plays in
neurological disorders (Yu et al., 2020). Based on this research and the results described in the
previous chapter in this thesis, the work described in this chapter focused on the potential

involvement of mitochondrial dynamics genes in ASD through differential methylation.

The DNA methylation data in this chapter showed that seven CpG sites across four of the six
genes were significantly differentially methylated. Three genes (MFN2, OPA1, STOML2) are
involved in fusion and the fourth gene (FIS1) is involved in fission. MFN2 is one of the proteins
responsible for fusing the outer mitochondrial membrane, while OPA1 fuses the inner
mitochondrial membrane. STOML2, as previously mentioned, is indirectly involved in fusion
as it maintains the long isoforms of the OPA1 protein, which are needed for fusion to occur.
On the other hand, FIS1 is an accessory protein that maintains DRP1, the protein responsible
for mitochondrial fission (Tondera et al., 2009; Yu et al., 2020). These four genes and their
proteins are essential in maintaining the balance between fusion and fission. The locations of
the differentially methylated CpG sites are also interesting, as five of the seven sites were
located in the promoter regions of the genes. As the structure of the promoter region is tightly
linked with gene expression, altering methylation patterns in this region could lead to
downstream changes in gene expression (Juven-Gershon and Kadonaga, 2010). Previous
studies examining differential methylation in other cases such as schizophrenia have found
evidence of correlation in the promoter region between methylation patterns and changes in
transcription (Dyrvig et al., 2017). Additionally, simple logistic regression showed a significant
relationship between ASD vs controls and the seven CpG sites. Examination of the mechanisms
and specific transcription factors lay outside the scope of this thesis, but it suggests an

interesting avenue for future research.
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These findings of this study show that differential methylation of CpG sites in these genes
suggests that mitochondrial dynamics could be involved in the aetiology of ASD.
Unfortunately, the quality of RNA extracted from the buccal cells had low integrity, with RT-
gPCR experiments requiring extensive optimisation, and therefore the expression of the
chosen genes in this cohort could not be measured. However, data from the wider study found
that MT-DNA copy number, urinary metabolomics and DNA methylation of PGC-1a were
altered between ASD and control groups. This indicated that mitochondrial dysfunction was
present in this cohort and that an increase in MT-DNA copy number could be a compensatory
mechanism (Bam et al., 2021). Additionally, these data align with previous studies which
implicate mitochondrial dynamics in ASD through gene and protein expression data (Anitha et

al., 2012; Tang et al., 2013; Carrasco et al., 2019; Pecorelli et al., 2020).

The directional changes in the differential methylation of these genes highlight that hyper-
and hypomethylation alone cannot indicate the effect on gene expression and that they are
gene dependent (Tremblay and Jiang, 2019). FIS1, MFN2 and STOML2 were hypermethylated,
while OPA1 was hypomethylated. If specific increases or decreases in methylation directly
indicated increased or decreased gene expression, it would be expected that the fusion genes
(MFN2, STOML2 and OPA1) would have the same directional change in methylation and the
opposite directional change in methylation to FIS1. Whether the hypo- and hypermethylation
of these genes in this cohort lead to increased or decreased gene expression must still be

investigated.

This unanswered research question points to a limitation of differential methylation studies.
These studies are valuable in identifying whether certain pathways are associated with a
specific disorder or disease and can account for changes that cannot be explained by genetic
mutations. However, RNA or protein expression studies need to be performed to confirm if
these differences in methylation result in expression changes. Additionally, a limitation of this
study is that changes seen in differential methylation between ASD and controls could be due
to other variation within the groups because of different environmental exposures or genetic

variation.

Despite this, the interplay between fusion and fission in mitochondrial dynamics is so complex

that gene and/or protein expression data, in addition to differential methylation data, may
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not fully explain the changes between these processes. Previous studies that examined the
gene expression levels of these genes in a similar context found increased expression of both
fusion and fission genes/proteins (Carrasco et al., 2019; Pecorelli et al., 2020). Additionally,
gene expression data did not always correspond with subsequent protein expression levels.

In this context, morphological studies using fluorescence or electron microscopy can be useful.

The differential methylation reported in this thesis may result in changes in gene expression
and has been shown to result in other physiological changes such as MT-DNA copy number
and urinary metabolomics (Bam et al., 2021). This points to an imbalance in mitochondrial
homeostasis in the South African ASD cohort. This exploratory investigation of mitochondrial
dysfunction associations in ASD provides more reason to further explore this association in
future studies. Additionally, it continues to support the hypothesis that mitochondrial

dynamics are involved in regulating mitochondrial function and are involved in ASD aetiology.

The findings of this study from a South African cohort are valuable as they add to the body of
literature concerning ASD and mitochondrial dysfunction and, more importantly, they provide
evidence of the association between ASD and mitochondrial dysfunction in an understudied
population. There is a substantial knowledge gap in ASD research in sub-Saharan Africa. Two
recent reviews that looked at the number of ASD papers emanating from sub-Saharan Africa
up until mid-2016 found only 47 and 53 ASD papers, respectively, from the region (Abubakar,
Ssewanyana and Newton, 2016; Franz et al.,, 2017). Of those papers, only six and two,
respectively, focused on genetics and ASD. This is compared to the approximately 7 500
papers on ASD published in Europe and the approximately 11 500 ASD papers published in
North America in the same time frame (Franz et al., 2017). These statistics demonstrate a need
for more research focusing on ASD in the sub-Saharan African region, especially because the
genetic diversity in these populations could provide novel perspectives into the genes and
pathways associated with ASD (Abubakar et al., 2016). Given the need for more research
focusing on ASD in sub-Saharan African populations, the findings of this study also
demonstrate the success of using buccal samples, a relatively cheap and easily accessible
method, to obtain DNA. This method could be used in various studies as a proxy for examining

neurological disorders (Lowe et al., 2013; Smith et al., 2015).
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Chapter 4

Summary and Concluding Remarks

In general, the investigation of the genetics underlying many disorders remains understudied
in African populations. Most genetic studies focus on the populations of high-income
countries. The lack of inclusion of African populations is due to multiple reasons, such as lack
of access to technology, laboratory equipment, and the high cost of scientific research (Martin
et al., 2018). ASD is one disorder that remains understudied in African populations and has a

significant genetic contribution to its aetiology.

ASD is a heterogenous disorder involving multiple genes and pathways in its aetiology such as
neurotransmission, metabolism, synaptic integrity and neurodevelopment (Baranova et al.,
2021; Rodriguez-Gomez et al., 2021). It is estimated that 1 in 100 children are diagnosed with
ASD globally (Zeidan et al., 2022). Of the studies based in sub-Saharan Africa, relatively
few investigate ASD compared to the number of studies on diseases such as human
immunodeficiency virus (HIV) and tuberculosis (TB). (Franz et al., 2017). Two of the most
recent systematic reviews looking at ASD research in sub-Saharan Africa up until mid-2016
found only six papers investigating genetics and ASD up until 2016 (Abubakar, Ssewanyana
and Newton, 2016; Franz et al., 2017). Another recent scoping review has found that only
three more papers from South Africa have been published between 2017-2021 (unpublished
data from the research group). This situates genetics and ASD in the African context as a

research area that requires further investigation.

One of the pathways implicated in ASD is mitochondrial dysfunction; this is supported by
changes in gene and protein expression, the activity of the OXPHOS complexes and metabolic
and biochemical changes (Citrigno et al., 2020; Frye, 2020). These aspects of mitochondrial
dysfunction and their association to ASD have been studied relatively well both in cell models
and cohort studies. In comparison, mitochondrial dynamics and their role in mitochondrial
dysfunction and autism remain unexplored. Mitochondrial dynamics are an essential part of
mitochondrial function, especially in neurons. The balance between fusion and fission allows

the mitochondrial network to adapt to cellular conditions either by becoming more
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interconnected or by fragmenting. These processes are intrinsically linked to mitochondrial
transport and mitophagy in maintaining mitostasis (Misgeld and Schwarz, 2017). Given the
lack of research on ASD in African populations and that mitochondrial dysfunction is an
established component of ASD aetiology, the aim of this thesis was to explore the role of

mitochondrial dynamics, specifically fusion and fission, in ASD in a South African context.

The focus of our research group has been to identify the biological pathways associated with
ASD in a South African cohort. Our group’s first paper examined genome-wide differences
between ASD and controls and found differential methylation of numerous genes that
converged on nine canonical pathways linked to mitochondrial metabolism (Stathopoulos et
al., 2020). This genome-wide methylation data was supported by a second study in the same
cohort that examined the differential methylation of specific genes linked to the identified
mitochondrial pathways, such as mitochondrial biogenesis and mitochondrial dynamics (Bam

etal., 2021).

In chapter three of this thesis, the differential methylation of genes involved in mitochondrial
dynamics is specifically compared between control and ASD groups. The genes chosen were
key mitochondrial fusion and fission genes. Four of the six genes had significantly differentially
methylated CpG sites (MFN2, OPA1, STOML2 and FIS1), thus demonstrating an association
between ASD and potential changes in mitochondrial dynamics. The data in chapter three built
on the mitochondrial dysfunction hypothesis in ASD; it highlights the power of using
epigenetics, specifically differential methylation, to find associations between specific
biological pathways and disorders. Most importantly, an understudied population in the

context of both genetics and ASD was explored.

In parallel to this epigenetics work, the data from the ASD epigenetics research was examined
in a cell model system which was better suited to investigate the mechanisms behind the
associations found in our ASD cohort. Chapter two of this thesis describes the SH-SY5Y cell
model system using NaP-induced mitochondrial stress to recapitulate ASD mitochondrial
dysfunction. MT-DNA copy number and ATP levels were significantly increased, confirming
mitochondrial stress. Additionally, these increases in MT-DNA copy number and ATP levels
were consistent with the hypothesis that mitochondrial biogenesis was upregulated; this links
these data to the differential methylation of the biogenesis regulator, PGC-1a, in our cohort
study (Bam et al., 2021). In addition, TEM analysis used to visualise mitochondrial morphology
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on our cell model system revealed that fission was favoured over fusion. This increase in
fission and/or decrease in fusion was supported by significant decreases in gene expression of
the fusion gene STOML2. Again, this change in the balance between fusion and fission is
supported by differential methylation of fusion and fission genes described in chapter three
and Bam et al. (2021). Further exploration of these findings led to the hypothesis that changes
in mitochondrial dynamics were potentially associated with increased biogenesis and/or

inhibition of mitophagy.

The use of TEM in the SH-SY5Y cell model highlighted the potential of this method in visualising
cell ultrastructure, organelle morphology and cellular interactions. Instead of using gene
and/or protein expression proxies to measure changes in morphology, morphological
parameters such as area and perimeter could be measured in the cells. TEM remains one of
the few methods capable of visualising the entirety and morphology of the mitochondria using
a single method, as well as the interactions mitochondria have with other organelles, although
these interactions could not be explored further in this thesis due to time constraints.
Additionally, the collection of quantitative data from these images using Fiji/Image) further
distinguishes this study as many previous studies have only qualitatively classified
mitochondrial parameters and used them as supporting evidence for other gene and/or

protein data.

Chapter two established a workflow to examine the relationship between mitochondrial
function, dynamics and morphology in vitro. The cell model system described in chapter two
can now be used in future experiments to continue to investigate mitochondrial dynamics or
additional mitochondrial pathways implicated in ASD. This cell model system is poised to start
unravelling the specific relationships that maintain mitochondrial homeostasis and mitostasis.
These data have begun to identify relationships that regulate mitochondrial dynamics and
morphology in the context of ASD. Given the role that mitochondrial dynamics is suggested to
play in ASD and the unclear mechanisms regarding mitochondrial compensation, dysfunction
and dynamics, the ability to study this in an in vitro system is useful and significantly

contributes to the field.

The data from examining differential methylation in a South African cohort together with
studying mitochondrial dysfunction in a recapitulated-ASD cell model system demonstrate
that mitochondrial dynamics play a prominent role in ASD-associated mitochondrial
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dysfunction. The changes found in the balance between fusion and fission in the SH-SY5Y
model are consistent with changes in methylation patterns of these key genes in the ASD
cohort. In addition, the possibility of biogenesis and mitophagy being involved in
mitochondrial dynamics was also introduced due to the results of the SH-SY5Y model. This
further supports the hypothesis of an imbalance between biogenesis and mitophagy in the
context of mitochondrial dysfunction. Overall, the data in this thesis provide the foundation
for future research to continue investigating the mechanisms behind the association between

mitochondrial dynamics, biogenesis and mitophagy.
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Supplementary Materials

Table S1: Primer sequences used for RT-qPCR

Primer Sequence (5’ to 3’)

B2M Forward 5’-CCAGCAGAGAATGGAAAGTCAA-3’
B2M Reverse 5’-TCTCTCTCCATTCTTCAGTAAGTCAACT-"3
MT-ND1 Forward 5’-CCCTAAAACCCGCCACATCT-3’

MT-ND1 Reverse 5-GAGCGATGGTGAGAGCTAAGGT-3'
STOML2 Forward 5-GTGACTCTCGACAATGTAAC-3’

STOML2 Reverse 5’-TGATCTCATAACGGAGGCAG-3’

Table S2: Assays designed for targeted next-generation bisulfite sequencing to assess

differential methylation

Gene Assay Number of
CpG sites
DRP1 ASY2711 4
ASY2713 7
FIS1 ASY2721 10
ASY2722 5
ASY2723 8
ASY2724 7
MFN1 ASY1849 5
ASY1850 18
ASY1851 3
ASY1852 5
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MFEN2 ASY2682 6
ASY2683 12

ASY2684 2

ASY2685 3

ASY2686 3

OPA1 ASY2677 1
ASY2678 1

ASY2679 3

ASY2680 4

ASY2681 16

STOML2 ADS5520 12
ASY2579 8

ASY2580 3

ASY2581 3

ASY2582 4

ASY2583 20

ASY2584 5

ASY2585 3

ASY2586 3

ASY2587 3

ASY2588 6
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FIGURE S1: Unprocessed TEM images. Row A. Control and 1.5mM treatment cells showing the
full cell image used in analysis. Row B. A zoomed in view of the cells. Blue arrows indicate
mitochondria and blue stars indicate the nucleus. Figure made in BioRender.com
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area = area of selection (square pixels)

perimeter = the length of the outside boudary of the selection (pixels)
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FIGURE S2: Diagram and equations of mitochondrial parameters measured. Figure based on

Merrill et al. (2017). Figure made in BioRender.com
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FIGURE S3: Pilot study comparing Free-Hand analysis method used by two researchers. Four
parameters were measured: A. Average Area (pixels), B. Average Perimeter (pixels), C. Average
Circularity and D. Average Aspect Ratio. The pilot study consisted of 10 randomised images across
three biological repeats and controls, 1.5mM, 3mM and 5mM NaP treatments. Unpaired t-tests
analysing the group of 10 images between the two researchers showed no significance (p<0.05).
Bars represent mean parameters; error bars represent standard deviation. Data shown

represents n=3 biological repeats.
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FIGURE S4: Mitochondrial morphology during mitochondrial stress. SH-SY5Y cells treated with
NaP for 24 hours underwent preparation for TEM and results were analysed using Fiji/Imagel.
Four of the nine parameters showed no significant differences between control (OmM NaP) and
treated (1.5mM, 3mM, 5mM NaP) cells. A. Area?, B. Area-Weighted Form Factor, C. Aspect Ratio,
D. Roundness. Significant differences were identified using one-way ANOVA (control compared
to treatments) and Dunnett’s test for multiple comparisons (p<0.05). Bars represent the mean
parameters; error bars represent standard deviations. Data shown represents n=3 biological
repeats; a total of 144 images; 2 000 mitochondria per treatment; 8 200 mitochondria in total; *

indicates p<0.05, ** indicates p<0.01 and *** indicates p<0.001.
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FIGURE S5: Relationship between MT-DNA copy number, STOML2 and morphological
parameters. Heatmaps show the Pearson’s rank correlations between MT-DNA copy number,
STOML2 and the morphological parameters (form factor and circularity). Rho is represented
according to the colour key provided, n=3 biological repeats for all groups. A. Form factor, B.

Circularity.
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ROIBatchGen Macro:

/*This macro asks for an input folder (directory), and file format (tif, jpg, etc).

It opens each of the specified files in the folder,and asks you to selct Regions of

interest (ROIs) around the mitochondria (or other areas of interest).
The selected ROIs are saved as .zip files, to be used by the next macro
*/

input = getDirectory("Input directory"); //asks for folder where your image files

are
print("Input folder for ROI generation = " +input);
File.makeDirectory(input+File.separator+"ROIs"+File.separator);
Dialog.create("File type");
Dialog.addString("File suffix: ", ".tif", 5);
Dialog.show();
suffix = Dialog.getString();
Dialog.create("Indicate Condition");
Dialog.addString("Experimental condition in this folder", "control or treatment?");
Dialog.show();
condition = Dialog.getString();
processFolder(input);
function processFolder(input) {

list = getFileList(input);

for (i = @; i < list.length; i++) {

if(File.isDirectory(input + list[i]))

processFolder("" + input + list[i]);
if(endsWith(list[i], suffix))
//processFile(input, output, list[i]);

processFile(input, list[i]);
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}
//function processFile(input, output, file) {
function processFile(input, file) {

print("Processing: + input + file);
open(input+File.separator+file+"");

title = getTitle();

//removes the suffix from the name of the file
if (endsWith(title, suffix)){
index2=lastIndexOf(title, suffix);

image= substring(title, 0, index2);

}

//roiManager("delete");

waitForUser("Select ROIs", "Select ROIs around mitochondria. \n Press t to
save each one to the ROI Manager before slecting the next one. \n \n Press OK when

you're done.");
n=roiManager("count");
run("Select All");

roiManager("Save", +input+File.separator+"ROIs"+File.separator+"ROIs-

"+image+".zip");
n=roiManager("count");

print("ROIs selected and saved for "+title+" +n+".");
roiManager("deselect");
roiManager("delete");

selectWindow(title);

run("Close");
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Dialog.create("Folder processing for ROIs finished!");

Dialog.addMessage("ROIs from all the images in the folder for <"+condition+"> have

been generated and saved.");

Dialog.show();

Edge Detector Macro

input = getDirectory("Input directory");
print("Input folder = " +input);
File.makeDirectory(input+File.separator+"Canny"+File.separator);
Dialog.create("Indicate Condition");
Dialog.addString("Experimental condition in this folder", "control or treatment?");
Dialog.show();
condition = Dialog.getString();
Dialog.create("File type");
Dialog.addString("File suffix: ", ".tif", 5);
Dialog.show();
suffix = Dialog.getString();
processFolder(input);
function processFolder(input) {

list = getFileList(input);

for (i = @; i < list.length; i++) {

//if(File.isDirectory(input + list[i]))

//processFolder("" + input + list[i]);
if(endsWith(list[i], suffix))

processFile(input, 1list[i]);

}

function processFile(input, file) {
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open(input+File.separator+file+"");
title = getTitle();

print(title+ " is being processed.");
//removes the suffix from the name of the file
if (endsWith(title, suffix)){
index2=lastIndexOf(title, suffix);

image= substring(title, 0, index2);

}

//Processing Image with Bandpass Filter

run("Bandpass Filter...", "filter_large=60 filter_small=8 suppress=Vertical

tolerance=5 autoscale saturate");

//Applying the Canny Edge Detector using default settings

run("Canny Edge Detector"”, "gaussian=2 low=2.5 high=7.5");
rename("CannyImage");

wait(1000);

//0Open up the corresponding ROIs file for the image.

//Duplicate out each ROI from the mask as a new image. Analyse those particles.
roiManager("open", input+"ROIs"+File.separator+"ROIs-"+image+".zip")

run("Set Measurements...", "area perimeter fit shape feret's add

redirect=None decimal=5");

//Duplicate out each ROI from the mask as a new image. Analyse those particles.

Generate count masks of those particles.

89

n = roiManager("Count");

for (i = @; i < n; ++i) {
m=i+1;
selectWindow("CannyImage");

roiManager("Select", i)



//run("Duplicate...", "title=CannyImage-"+i"");
run("Duplicate...”, " ");
selectWindow("CannyImage-"+m+"");

//run("Analyze Particles...", "size=500-Infinity circularity=0.40-1.00
show=[Overlay Masks] display exclude");

run("Analyze Particles...", "display exclude"); //measures particles

>600 pixels - excludes remaining background
//measures particles >600 pixels - excludes remaining background

saveAs("Results", ""+input+File.separator+condition+"-Results.csv");
//saves the results table with all the measurements for each particle in each ROI

for each file in the folder.
}
wait(1000);
//Closes the ROI windows from an image. Saves the new count masks as tiffs
for (i =0; i < n; ++1i) {
m=i+1;
selectWindow("CannyImage-"+m+"");

saveAs("tiff", input+File.separator+"Canny"+File.separator+image+"-

Canny-"+m);

//selectWindow(""+image+"-Canny-"+m+" . tif");
run("Close");

}

wait(1000);

//clear and close the ROImanager and all open images

roiManager("deselect");

roiManager("delete");

close("*");
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//This section calculates parameters for mitochondrial morphology measurments, based

on the measurements put out in the Results table
awff = ff = ar = sum_a = a2 = len = 0;

for (i = @; i < nResults; i++) { // for every particle in table

[oJ]
1}

getResult("Area", 1i);

getResult("Perim.", 1i);

©
1]

ar = getResult("Major", i) / getResult("Minor", i); /* aspect ratio

/ width */
ar_sum+= ar;
sum_a += a;

sum_a_sq += a*a;

ff = (p*p) / (4 * 3.14159265358979*a); // ff = p~2 / (4 * pi * a)

//setResult("AspectRatio", i, ar);
setResult("FormFactor", i, ff);
ff_sum += ff;
awff += (p * p) / (4 * 3.14159265358979 );
}

//average and output

nParticles = nResults

sum_a /=nParticles

//a2 = sum_a_sq/(sum_a * sum_a);

awff /= sum_a;

ff_sum /= nParticles;

ar_sum /= nParticles;

print(condition+

length

average measurements:" + "\t " + "nParticles" + "\t " + "Area" +

"\t " + "Area2" + "\t " + "Area-WeightedFormFactor" + "\t " + "FormFactor" + "\t "

+ "AspectRatio");
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print(condition+ + nParticles +"\t " + "\t " +

sum_a +"\t " + "\t " + a2 +"\t " + "\t " + awff +"\t " + "\t " + ff_sum + "\t " +

average measurements:" + "\t

"\t " + ar_sum);

saveAs("Results", +input+File.separator+condition+"-Results with FF.csv");

//saves the results table with all the measurements for each particle in each ROI

for each file in the folder.

//tidy up and confirm finished!
//run("Close"); //closes all image windows
close("Results");

close("ROI manager");

Dialog.create("Folder processing finished!");

Dialog.addMessage("All the images in the folder for <"+condition+"> have been

processed and analysed.");

Dialog.show();

Mitochondrial Macro:

input = getDirectory("Input directory");

print("Input folder = " +input);
File.makeDirectory(input+File.separator+"Count Masks"+File.separator);
Dialog.create("Indicate Condition");

Dialog.addString("Experimental condition in this folder", "control or treatment?");
Dialog.show();

condition = Dialog.getString();

Dialog.create("File type");

Dialog.addString("File suffix: ", ".tif", 5);

Dialog.show();

suffix = Dialog.getString();

processFolder(input);

function processFolder(input) {

list = getFileList(input);
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for (i = @; i < list.length; i++) {
//if(File.isDirectory(input + list[i]))

//processFolder("" + input + list[i]);
if(endsWith(list[i], suffix))

processFile(input, 1list[i]);

}

function processFile(input, file) {
open(input+File.separator+file+"");
title = getTitle();

print(title+ " is being processed.");

//removes the suffix from the name of the file

if (endsWith(title, suffix)){

index2=lastIndexOf(title, suffix);

image= substring(title, @, index2);

}

//Process the images to increase contrast and remove BG
run("Invert");

run("Subtract Background...", "rolling=60");

run("Subtract...”, "value=100");

run("Bandpass Filter...", "filter_large=60 filter_small=8 suppress=Vertical

tolerance=5 autoscale saturate");
//Threshold and make binary mask, fill in gaps in mask
setAutoThreshold("MaxEntropy dark");
setOption("BlackBackground"”, false);
run("Convert to Mask");
run("Dilate");
run("Fill Holes");
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run("Dilate");

run("Dilate");

run("Dilate");

run("Close-");

run("Erode");

run("Erode");

run("Erode");

run("Erode");

run("Open");

rename("Mask");

//0Open up the corresponding ROIs file for the image.

//Duplicate out each ROI from the mask as a new image. Analyse those particles.
roiManager("open", input+"ROIs"+File.separator+"ROIs-"+image+".zip")

run("Set Measurements...", "area perimeter fit shape feret's add

redirect=None decimal=5");

//Duplicate out each ROI from the mask as a new image. Analyse those particles.

Generate count masks of those particles.

n = roiManager("Count");

for (i = @; i < n; ++i) {
m=i+1;
selectWindow("Mask");
roiManager("Select", i)
//run("Duplicate...", "title=Mask-"+i"");
run("Duplicate...", " ");
selectWindow("Mask-"+m+"");

//run("Analyze Particles...", "size=500-Infinity circularity=0.40-1.00
show=[Overlay Masks] display exclude");

run("Analyze Particles...", ‘"size=0-Infinity show=[Count Masks]

display exclude"); //measures particles >600 pixels - excludes remaining background
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saveAs("Results", ""+input+File.separator+condition+"-Results.csv");
//saves the results table with all the measurements for each particle in each ROI

for each file in the folder.

wait(1000);
//Closes the ROI windows from an image. Saves the new count masks as tiffs
for (i =0; i < n; ++i) {

m=i+1;

selectWindow("Mask-"+m+"");

run("Close");

selectWindow("Count Masks of Mask-"+m+"");

run("3-3-2 RGB");

saveAs("tiff", input+File.separator+"Count

Masks"+File.separator+image+"-CountMask-"+m);
}
wait(1000);
//clear and close the ROImanager and all open images
roiManager("deselect");
roiManager("delete");

close("*");

//This section calculates parameters for mitochondrial morphology measurments, based

on the measurements put out in the Results table
awff = ff = ar = sum_a = a2 = len = 9;

for (i = @; i < nResults; i++) { // for every particle in table

[«}]
1]

getResult("Area", 1i);

p = getResult("Perim.", i);

ar = getResult("Major", i) / getResult("Minor", i); /* aspect ratio = length
/ width */
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ar_sum+= ar;
sum_a += a;

sum_a_sq += a*a;

ff = (p*p) / (4 * 3.14159265358979*a); // ff = p*2 / (4 * pi * a)
//setResult("AspectRatio", i, ar);

setResult("FormFactor”, i, ff);

ff_sum += ff;

awff += (p * p) / (4 * 3.14159265358979 );

//average and output
nParticles = nResults

sum_a /=nParticles

a2 = sum_a_sq/(sum_a * sum_a);
awff /= sum_a;

ff_sum /= nParticles;

ar_sum /= nParticles;

print(condition+ " average measurements:" + "\t " + "nParticles" + "\t " + "Area" +

"\t " + "Area2" + "\t " + "Area-WeightedFormFactor" + "\t " + "FormFactor" + "\t "

+ "AspectRatio");

print(condition+ " " + nParticles +"\t " + "\t " +

sum_a +"\t " + "\t " + a2 +"\t " + "\t " + awff +"\t " + "\t " + ff_sum + "\t " +

average measurements:" + "\t

"\t " + ar_sum);

saveAs("Results”, +input+File.separator+condition+"-Results  with FF.csv");

//saves the results table with all the measurements for each particle in each ROI

for each file in the folder.

//tidy up and confirm finished!
//run("Close"); //closes all image windows
close("Results");

close("ROI manager");
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Dialog.create("Folder processing finished!");

Dialog.addMessage("All the images in the folder for <"+condition+"> have been

processed and analysed.");

Dialog.show();
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