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Abstract

Mitochondrial dysfunction is linked to the pathology of age-related and
neurodegenerative disease, including Parkinson disease and amyotrophic lateral sclerosis.
Preservation of mitochondrial function is determined by the interconnected processes
governing mitochondrial homeostasis: fission, fusion, trafficking, mitophagy, and
biogenesis. The Drosophila melanogaster protein Clueless and its mammalian homologue
CLUH are cytoplasmic RNA-binding proteins essential for mitochondrial function that
may influence all of these processes. Clueless and its homologues may act as master
regulators of mitochondrial homeostasis to control these processes in response to
environmental cues including stress-response signalling. The effects of altered expression
of clueless in Drosophila melanogaster dopaminergic and motor neurons on ageing and
neurodegeneration were examined through lifespan and climbing assays. In humans,
dopaminergic neuron degeneration causes Parkinson disease, and motor neurons
degeneration causes amyotrophic lateral sclerosis. Inhibited clueless expression in
Drosophila melanogaster dopaminergic and motor neurons reduced early-life climbing
ability, and inhibited clueless expression in motor neurons caused impaired lifespan and a
more rapidly progressive loss of climbing ability with age. Inhibited expression of
clueless in motor neurons therefore causes age-related disease in this model organism.
RNAi-mediated clueless suppression in motor neurons is a promising novel model for
investigation of the role of mitochondrial dysfunction in the pathology of amyotrophic

lateral sclerosis.
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General Summary

Mitochondrial dysfunction is linked to age-related and neurodegenerative disease
in humans, including Parkinson disease and amyotrophic lateral sclerosis. Mitochondrial
function is determined by interconnected processes that control mitochondrial replication,
degradation, and positioning. The insect protein Clueless and its mammalian counterpart
CLUH bind to mitochondria-related mRNA transcripts, and so may influence the function
of mitochondria-related genes. Expression of the clueless gene was inhibited in disease-
associated neurons of the fruit fly Drosophila melanogaster, and effect on longevity and
climbing ability was assessed. Inhibited expression of the c/ueless gene in motor neurons,
the loss of which is associated with amyotrophic lateral sclerosis in humans, caused
impaired lifespan and a more rapidly progressive loss of climbing ability with age.
Inhibited expression of c/ueless in motor neurons therefore causes age-related disease in
this model organism. Suppressed clueless expression in motor neurons is a promising
novel model for investigation of the role of mitochondrial dysfunction in amyotrophic

lateral sclerosis.
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Chapter 1: Introduction
1.1 Mitochondria, Ageing, and Neurodegenerative Disease

Age-related and neurodegenerative disease in humans is linked with
mitochondrial dysfunction, including Parkinson disease (PD) and amyotrophic lateral
sclerosis (ALS) (B. Wang et al., 2016; Carri et al., 2017). Mitochondrial function is
essential for ongoing cellular health and survival (Figure 1.1), as these organelles are the
primary source of both energy in the form of ATP and damaging free radical species
(Aryal and Lee, 2019). Mitochondria are essential for calcium buffering and apoptosis
regulation, and provide an environment for biochemical reactions within the cell
including fatty acid beta-oxidation and heme, steroid, and nucleotide biosynthesis (Sen
and Cox, 2017). Impaired mitochondrial respiration rate is associated with ageing and
age-related disease including PD, Alzheimer disease, and diabetes (Horan, et al., 2012).
Longevity and the efficacy of mechanisms for maintaining mitochondrial function are
linked, and declines in mitochondrial function with age have been observed in humans
and model organisms; these include oxidative damage, metabolic impairment, and
impaired calcium buffering (Markaki and Tavernarakis, 2020; Fu ef al., 2018). These
studies suggest that enhanced mitochondrial homeostasis could result in prevention of
neurodegenerative disease and extension of human life.

Neurons have especially high energy demands, with cells in the human brain
consuming 20% and 25% of the body’s oxygen and glucose supplies, respectively,
although the brain accounts for only 2% of body mass (Lee et al., 2018). This intensive
energy demand necessitates efficient oxidative phosphorylation, and results in more rapid

free radical species generation by reactions of the mitochondrial electron transport chain.
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Figure 1.1 Mitochondria facilitate aerobic respiration in eukaryotic cells. A)
Mitochondria are semi-autonomous organelles that continuously join and divide within
the cell. Mitochondria have outer and inner membranes, separating the intermembrane
space from the interior matrix. The inner mitochondrial membrane folds in on itself to
form cristae, increasing its surface area. B) The double-membraned structure of
mitochondria allows for the formation of an electrochemical proton gradient across the
inner membrane. Electron transport chain complexes I, I1I, and IV cause protons to be
pumped from the mitochondrial matrix into the intermembrane space. Protons are
translocated back into the matrix via ATP synthase, which uses the energy from the
proton gradient to synthesize ATP. Reviewed in Giacomello et al., 2020. This figure was
prepared using Microsoft PowerPoint for Microsoft 365 version 2406.



Reactive oxygen species (ROS) are highly reactive and therefore transitory (Alfadda and
Sallam, 2012). This nature gives functionality in a wide array of signalling pathways
(Winterbourn, 2008). Damage by ROS accumulates when ROS generation surpasses
cellular ability to prevent and repair biomolecule oxidization (Garza-Lombo et al., 2020).
Defences include enzymatic antioxidants such as catalase and the superoxide dismutases,
radical scavenging antioxidants like ascorbate and glutathione, and quality control
mechanisms responsible for the selective degradation of mitochondria with compromised
inner membrane potential (Winterbourn, 2008; Ge et al., 2020). As the high energy
requirements of neurons results in the production of elevated reactive oxygen species
(Coyle and Puttfarcken, 1993), the function of these defences are of critical importance
for the prevention of neurodegeneration.

Neurons are post-mitotic cells that must survive throughout the lifespan of an
organism, and the cumulative loss of these populations of cells in humans causes
progressive age-related neurodegenerative disease (Markaki and Tavernarakis, 2020). In
such neurodegenerative diseases, neurons are most commonly lost through apoptosis,
which is regulated by mitochondria (Cacciatore ef al., 2012). Severe damage to
mitochondria can cause apoptotic signals including cytochrome c to be released from the
mitochondrial intermembrane space into the cytosol to induce apoptotic cell death (Ma et
al., 2020). Specific neurodegenerative diseases are defined by the specific loss of certain
neuronal cell populations such as dopaminergic neuron loss in PD, and motor neuron in
ALS (Cacciatore et al., 2012). Though the etiology of neurodegenerative diseases are
heterogenous, examining causes of heritable forms of these diseases elucidates

mechanisms of disease progression (Rodolfo et al., 2018). Mutations linked to heightened



disease risk affect diverse pathways; including those directly associated with
mitochondrial function (Fu et al., 2018). These include ALS-associated mutations to the
autophagy receptor ubiquitin binding protein (p62) causing impaired autophagy, a
process by which components in the cytosol are degraded within lysosomes; and
mutations to PD associated parkin, important for mitophagy, the mitochondria-specific
form of autophagy (Fu et al., 2018; Rodolfo et al., 2018). Often, neurodegenerative
disease is associated with the toxic aggregation of misfolded proteins, usually in the same
population of neurons that experiences catastrophic losses. Expression of self-aggregating
mutant proteins in model organisms can replicate features of neurodegenerative disease
(Feany and Bender, 2000; McGurk et al., 2015). Neurodegenerative diseases have diverse
cognitive and physical symptoms which progress as the molecular basis of disease
progresses, and may differ even among individuals that share a common genetic disease
cause (Rodolfo et al., 2018; Corti et al., 2011; Kim et al., 2013).
1.2 The Model Organism Drosophila melanogaster and Neurodegenerative Disease

A detailed understanding of the etiology of neurodegenerative diseases may lead
to development of effective treatments. As it would be unsafe, unethical, and expensive to
perform many of the experiments necessary to generate such an understanding directly on
humans, alternative approaches must be taken (Jennings, 2011). Goals in model organism
research include the generation of hypotheses related to the underlying mechanisms of
human disease, and development of knowledge that may lead to methods of treatment and
prevention of these diseases in humans whose efficacy may then be validated through
clinical trial (Partridge and Gems, 2007). The D. melanogaster model organism is ideal

for use in the study of neurodegenerative disease because these are easy and inexpensive



to culture, and have short lifespans well-suited to the study of age-related disease (Linford
et al., 2013). The D. melanogaster life cycle is illustrated in Figure 1.2. Considerable
resources for research involving this model organism have been developed, including a
vast knowledge of the D. melanogaster genome and methods for performing and assaying
genetic experiments (Adams et al., 2000; Brand and Perrimon, 1993; Dietzl et al., 2007;
Linford et al., 2013; Todd and Staveley, 2004). Though humans and D. melanogaster are
long-diverged, molecular mechanisms that determine cell function and disease are highly
conserved such that approximately 70% of genes associated with neurodegenerative
disease identified in humans are considered to have homologues in D. melanogaster
(Lenz et al., 2013). Like humans, D. melanogaster have complex central and peripheral
nervous systems that consist of neurons and glia, and that use many common
neurotransmitters (Sen and Cox, 2017; Lenz ef al., 2013; Yamamoto and Seto, 2014).
Wild-type D. melanogaster experience age-related neurodegeneration (Sunderhaus and
Kretzschmar, 2016). Mitochondria are virtually identical between both our species with
mitochondrial DNA encoding the same protein products, with the same remaining
products required for mitochondrial function encoded within the nucleus (Sen and Cox,
2017). Humans and D. melanogaster similarly have decreased mitochondrial aerobic
respiration efficiency with age, typically accompanied by increased mitochondrial
turnover (Green et al., 2011; Ferguson et al., 2005 ; Markaki and Tavernarakis, 2020).
Thus, D. melanogaster can be used to examine the role of conserved mechanisms for the
regulation of mitochondrial homeostasis in neurodegeneration and ageing. Genetic
models of Parkinson disease and amyotrophic lateral sclerosis are summarized in Table

I1.1.
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Figure 1.2 The Drosophila melanogaster life cycle. A) Experimental Drosophila
melanogaster are cultured in plastic vials stopped with sponges containing ~5 mL of
standard media. This photograph was taken on November 10, 2022. B) At an
experimental temperature of 25°C, Drosophila melanogaster reach sexual maturity
approximately 10 days following fertilization. Mature females store sperm after mating
for up to two weeks. Fertilization occurs upon deposit of eggs into the media. Larvae
hatch from the egg after one day and remain in the media through four days of larval
development. Larvae progress through three larval stages (first, second, and third instar),
separated by molting events. Third instar larvae climb out of the medium and adhere to
the side of the vial to pupate. Adult structures form during metamorphosis, which takes
approximately five days. Adults eclose from pupal cases and then reach sexual maturity
within eight to twelve hours. This figure was prepared using Microsoft PowerPoint for
Microsoft 365 version 2406. Adult organism artwork was modified from image created
by Hegna (2012; Public Domain Mark 1.0).



Table 1.1 Genetic models of Parkinson disease and amyotrophic lateral sclerosis in
Drosophila melanogaster. Expression of the proteins detailed was used to model
neurodegenerative disease.

Disease Model Protein Expressed Reference
Parkinson disease a-synuclein Feany and Bender, 2000
Parkinson disease Parkin (loss of function) Greene et al., 2003
Parkinson disease LRRK2 Liu et al., 2008
Parkinson disease PINK1 (loss of function) Clark et al., 2006

Amyotrophic lateral sclerosis GGGGCC repeat (C9orf72) Xuetal. 2013
Amyotrophic lateral sclerosis TDP-43 Ritson et al., 2010
Amyotrophic lateral sclerosis SOD1 Elia et al., 1999
Amyotrophic lateral sclerosis FUS Chen et al., 2011




1.3 Parkinson Disease

Parkinson disease (PD) is one of the most common human neurodegenerative
diseases, with a 1.5% lifetime risk of developing PD (Pringsheim et al., 2014; Aryal and
Lee, 2019). Symptoms commonly begin as very mild in nature and become more severe
as pathology of the disease progresses, such that often PD is not diagnosed until several
years following the initial symptom presentation (Lees ef al., 2009). Early symptoms
include disturbed sleep, impaired dexterity, stiffness, fatigue, and loss of smell. Severe
locomotor dysfunction in the later stages of the disease impairs quality of life by causing
loss of independent mobility, difficulty in communication through speech and facial
expressions, incontinence, constipation, loss of ability to chew and swallow, and
dementia. Locomotor dysfunction caused by PD increases risk of falling and choking, and
increases vulnerability to respiratory disease including pneumonia: the leading cause of
death of PD patients. Though PD increases vulnerability to these risk factors, PD
diagnosis is not usually associated with drastic reduction in life expectancy. PD pathology
is heterogeneous, and individuals with the disease may experience symptoms earlier or
later relative to one another, or not at all (Corti et al., 2011). The “core triad” of PD
symptoms are resting tremor, increased rigidity at rest, and bradykinesia (Ge et al., 2020;
Lees et al., 2009). Definitive evidence of bradykinesia, or slowness of movement, is
required for diagnosis (Abeliovich and Gitler, 2016). Though diverse symptoms are
associated with PD progression, ultimately these are caused by the progressive loss of
dopaminergic (DA) neurons of the substantia nigra pars compacta (Aryal and Lee,
2019). Dopamine is involved in coordinating movement and in reward, learning, and

memory (Yamamoto and Seto, 2014). Impaired dopamine production causes many of the



symptoms associated with PD, and dopamine replacement therapies including
supplementation of the dopamine precursor levodopa relieve symptoms in the early stages
of the disease (Yamamoto and Seto, 2014; Abeliovich and Gitler, 2016).
1.4 Risk Factors for Parkinson Disease

Age is the greatest known risk factor for PD development, acting in combination
with other genetic and environmental causes (Lees ef al., 2009). Symptoms of PD begin
in adulthood and frequency of diagnoses increase with age, such that 90% of those
diagnosed are over the age of 45 years. Environmental risk factors may include exposure
to oxidative stress-inducing toxins such as the synthetic opioid 1-methyl-4-phenyl-1, 2, 3,
6-tetrahydropyridine (MPTP) and the pesticide rotenone, and exposure to viruses such as
influenza (Aryal and Lee, 2019; Huang et al., 2022; Corti et al., 2011). While specific
causes of PD are unknown in most cases, 10% may be attributed to single-gene mutations
in known PD-causing genes (Aryal and Lee, 2019; Ge et al., 2020). Genome-wide
association studies reveal more than 200 genes that influence PD pathology (Funayama et
al., 2022). There are 24 genes whose mutation is known to cause PD including a-
synuclein (SNCA), leucine rich repeat kinase 2 (LRRK?2), PTEN -induced kinase 1
(Pinkl), and parkin (Funayama et al., 2022; Aryal and Lee, 2019). While the majority of
PD cases are considered sporadic, the disease is believed to be inherited in more than 5%
of affected individuals (B. Wang et al., 2016). Genes believed to be responsible for
heritable forms of PD seem to have a role in many of the sporadic forms (Corti et al.,
2011). For example, LRRK2 mutations contribute to over 10% of familial PD and
mutations in this gene are the most common known genetic cause of sporadic PD, with

more than 50 different LRRK?2 mutations identified in PD patients (B. Wang et al., 2016;



Aryal and Lee, 2019). Mitochondrial dysfunction including impaired respiration is
associated with both sporadic and heritable forms of PD (Corti et al., 2011; Horan, et al.,
2012). Evidence of mitochondrial complex I dysfunction has consistently been identified
in post-mortem analysis of the substantia nigra pars compacta of PD patients (Ge et al.,
2020).
1.5 Lewy Body Pathology in Parkinson Disease

Lewy bodies are toxic cytoplasmic inclusion structures primarily composed of
aggregated a-synuclein, and are widely distributed in neurons throughout the brains of PD
patients with SNCA mutations (B. Wang et al., 2016; Abeliovich and Gitler, 2016; Lees et
al., 2009). SNCA encodes the primary Lewy body component a-synuclein, and mutations
in this gene can cause PD (Aryal and Lee, 2019). A mitochondrial targeting signal is
located near the N-terminus of the a-synuclein and causes it to associate with
mitochondrial membranes (Aryal and Lee, 2019). Accumulation of a-synuclein
aggregates in the inner membrane can lead to impaired complex I function, and a-
synuclein aggregates in the outer membrane can induce mitochondrial fragmentation by
inhibiting fusion (Aryal and Lee, 2019; Zhu et al., 2018). Aggregates of a-synuclein in
mitochondrial membranes can disrupt membrane potential through the activation of
mitochondrial permeability transition pore through interaction with inner and outer
membrane transport proteins to initiate degradation of these organelles (B. Wang et al.,
2016). Mutations in other PD-associated genes cause Lewy body formation, including
autophagy related-LRRK?2 (Lees et al., 2009; B. Wang et al., 2016). Postmortem analysis
of patients who die with mild symptoms shows that Lewy bodies are mainly concentrated

in the lower regions of the brainstem including the substantia nigra pars compacta, but
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where patients had severe symptoms these inclusions are found more widely and in
forebrain regions (Abeliovich and Gitler, 2016). This reveals a pattern of progression
associated with severity of the disease. Lewy bodies are also be found in approximately
10% of those aged 60 or above who die without known neurological disease (Lees et al.,
2009). Postmortem analysis reveals reduced immunoreactivity to the dopaminergic-
neuron specific enzyme tyrosine hydroxylase (TH) in these cases, similar to that found in
analysis of postmortem PD patients but to a lesser degree (Dickson et al., 2008). It is
possible that these cases represent pre-clinical stages of PD progression, highlighting the
importance of developing treatment for this quality-of-life impacting disease as medical
advancement continues to extend human lifespan.
1.6 Drosophila melanogaster as a Model for Parkinson Disease

Genetic methods of modeling PD in D. melanogaster cause progressive loss of
DA neurons in vivo (Aryal and Lee, 2019). D. melanogaster have approximately 130 DA
neurons, of approximately 100 000 total neurons, which are located in clusters within the
central nervous system and projected throughout most of the brain (Yamamoto and Seto,
2014; Hartenstein et al., 2016). DA neurons in humans are located in clusters, of which
the PD-associated substantia nigra pars compacta is just one (Fu et al., 2018). Dopamine
regulates locomotor activity in D. melanogaster as well as sleep, learning, and memory
(Hartenstein et al., 2016). Pan-neuronal expression of a-synuclein constructs in a D.
melanogaster model of PD causes the formation of a-synuclein-containing inclusions in
the brain, specific loss of DA neurons beginning in adulthood, and progressive locomotor
dysfunction as determined by the premature loss of climbing ability with age (Feany and

Bender, 2000). Thus, D. melanogaster may be used in experimental examination of the
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genetic mechanisms that regulate the protection of DA neurons from age-related cellular
stress.
1.7 Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive adult-onset paralytic
human disease that is usually fatal within two to five years of symptom presentation
(Rodolfo et al., 2018; Masrori and Van Damme, 2020). ALS is characterized by the
degeneration of both the upper and lower motor neurons of the brainstem and spinal cord,
and the upper motor neurons of the motor cortex (Fu ef al., 2018). Motor neurons are
responsible for controlling and enabling movement, with the loss of these neurons
resulting in weakness and muscle wasting beginning at a focal point and spreading
throughout the body as the disease progresses (Abdul Wahid et al., 2019; Masrori and
Van Damme, 2020). Motor neuron loss is preceded by loss of neuromuscular connections
and retraction of axons (Masrori and Van Damme, 2020). Symptom onset usually occurs
at distal muscles of the limbs. Following onset, weakness and muscle wasting spreads to
adjacent regions and throughout the motor system. Axial muscles are typically affected
late in the progression of the disease, causing postural problems. Cumulative loss of
locomotor function in ALS necessitates reliance on increased supports as the disease
progresses, including nutritional and respiratory support at the latest stages of the disease.
Finally, respiratory muscle failure results in death. Nearly 70% of ALS patients report
pain at some point in their disease progression including muscle cramping as movement
becomes more difficult and headaches as respiration is impaired (Zarei et al., 2015;

Foster and Salajegheh, 2019).
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ALS progression rate is variable, with 50% of patients dying within 30 months of
symptom onset, but as many as 10% surviving for more than a decade (Ingre et al., 2015).
Presently, there is very little that can be done to slow progression of ALS following
diagnosis (Masrori and Van Damme, 2020). Drugs used in the treatment of ALS include
riluzole and edaravone (Masrori and Van Damme, 2020). Riluzole is a glutamine
antagonist that was found in clinical trial to extend mean patient lifespan by three to six
months (Masrori and Van Damme, 2020). Edaravone is a free radical scavenger that was
found in clinical trial to slow the decline in locomotor ability in some patients.
Management of symptoms to ease discomfort, however, continues to be the primary
clinical approach to ALS management. Effective treatment to protect against motor
neuron loss would preserve life and alleviate human suffering. It is essential that we
understand the factors that influence the progression of ALS to aid in the diagnosis,
treatment, and prevention of this disease.

1.8 Risk Factors for Amyotrophic Lateral Sclerosis

Age is the greatest ALS risk factor, with 95% of cases occurring in those greater
than 30 years of age (Zarei ef al., 2015). Mean age of onset is between 58 and 63 years
for those with no family history, and between 40 and 60 years for those with affected
close relatives (Masrori and Van Damme, 2020). Greater age at time of symptom onset is
associated with more rapid disease progression. Environmental risk factors may include
ingestion seeds from the cycad Cycas micronesica, which contain the neurotoxin f—
methylamino-L-alaninem, and populations that consume these have increased incidence
of Parkinsonism and dementia (Zarei et al., 2015; Ingre et al., 2015). Treatment of D.

melanogaster with this toxin replicates features of neurodegenerative disease including
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impaired lifespan and locomotor function, and impaired learning and memory (Zhou et
al., 2010). Approximately 15% of ALS cases can be attributed to single-gene mutations in
known ALS-causing genes (Masrori and Van Damme, 2020); including chromosome 9
open reading frame 72 (C9orf72), TAR DNA-binding protein (TARDBP), fused in
sarcoma (FUS), superoxide dismutase 1 (SOD1), and valosin containing protein (VCP).
Mutations in the but TAR DNA binding protein 43 (TDP-43)-encoding protein
TARDBP are responsible for fewer than 5% of ALS cases, but TDP-43 aggregates are
present in more than 95% of post-mortem ALS brain tissue examined (Masrori and Van
Damme, 2020). TDP-43 is a RNA- and DNA- binding protein with roles in transcription,
splicing, and stress granule formation (Masrori and Van Damme, 2020). Aggregated
TDP-43 localizes primarily to the cytoplasm which impairs the ability of this protein to
perform its DNA-binding functions within the nucleus, and aggregated TDP-43 has
impaired cytoplasmic RNA-processing function. Mutated TDP-43 accumulates in the
cytoplasm after being cleaved and phosphorylated, but in other cases protein aggregation
may be due to dysregulated autophagy (Ingre et al., 2015; Carri et al., 2017). C90rf72 and
VCP, for example, both have roles in autophagy pathways, and mutations in these ALS-
associated genes cause TDP-43 aggregation (Masrori and Van Damme, 2020; Buchan et
al., 2013). Other protein aggregates may be found in the motor neurons of ALS patients,
including SOD1 aggregates as a result of SOD/ mutations, and FUS as a result of FUS
mutations. Aggregated SOD1 may interact with the autophagy and apoptosis-regulating
protein B cell lymphoma 2 (Bcl-2), disrupting function of these pathways (Zarei et al.,
2015; Ma et al., 2020). In the spinal cords of ALS patients, mutant SOD1 aggregates

accumulate within the mitochondrial matrix and on the outer membrane, where
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interactions may alter the structure of mitochondrial proteins and cause impaired ATP
production and mitochondrial transport (Zarei et al., 2015; Liu et al., 2004). Aggregated
proteins within the cytoplasm may induce subsequent aggregation of normal forms of
these proteins (Buchan et al., 2013). Thus cytoplasmic protein aggregation may play an
important role in the progression of ALS.
1.9 Amyotrophic Lateral Sclerosis and Frontotemporal Lobe Degeneration

The most common genetic cause of ALS is the repeat expansion of the
hexanucleotide GGGGCC from within a noncoding region of the C9orf72 gene (Masrori
and Van Damme, 2020). These mutations are responsible for 30 to 50% of inherited ALS,
and approximately 7% of sporadic cases. C90rf72 mutations are a common cause of
frontotemporal lobe degeneration (FTLD) and multiple sclerosis (Masrori and Van
Damme, 2020; Ingre et al., 2015). Up to 15% of ALS patients meet the diagnostic criteria
for FTLD, a progressive dementia defined by degeneration of the frontal and anterior
temporal lobes (Masrori and Van Damme, 2020). Behavioural and cognitive symptoms
that might be attributed to changes in these regions are present in 25 to 40% of ALS
cases. Up to 15% of FTLD patients likewise meet the diagnostic criteria for ALS, with up
to one in three showing signs of motor neuron dysfunction (Azuma et al., 2014). ALS
patients may have greater than 1000 C90rf72 hexanucleotide repeats, whereas healthy
individuals usually have less than 30 (Ingre ef al., 2015). Patients with C9orf72
hexanucleotide expansions show accumulations of dipeptide repeat proteins translated
from expansions, which are neurotoxic (Bolus et al., 2020). Normal function of the
C9orf72 protein may be disrupted, including its role in autophagy (Ingre et al., 2015).

Furthermore, cytoplasmic TDP-43 aggregates are found in motor neurons in
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approximately half of FTLD patient tissue analyzed (McGurk et al., 2015; Ingre et al.,
2015). Thus, ALS and FTLD have been described as a “continuous clinical spectrum”
(Nguyen et al., 2019). C9orf72 mutations in particular are associated with cognitive and
behavioural symptoms in ALS patients (Masrori and Van Damme, 2020). ALS and FTLD
share other common underlying molecular mechanisms such that many ALS-linked genes
including C9orf72, FUS, TARDBP, and VCP are associated with FTLD (Nguyen et al.,
2019; Kimonis et al., 2008). The relationship of ALS and FTLD including common
genetic causes illustrates that common molecular mechanisms may underlie the
progression of neurodegenerative diseases.
1.10 Drosophila melanogaster as a Model for Amyotrophic Lateral Sclerosis

The D. melanogaster neuromuscular system is simple compared to humans,
however the basic structural components that enable locomotor function are conserved
(Lloyd and Taylor, 2010). Like humans, the D. melanogaster neuromuscular system is
composed of motor neurons whose axons connect to muscle cells through complex
neuromuscular junctions and sensory neurons. The molecular mechanisms enabling
operation of these components are highly conserved and altering function of these these
has reproduced central features of human neuromuscular disease, including ALS (Lloyd
and Taylor, 2010; McGurk et al., 2015). For example, expression of human TDP-43 in D.
melanogaster motor neurons causes neurodegenerative disease as determined by
premature loss of climbing ability with age and reduced lifespan (McGurk et al., 2015).
Expression of mutated human TDP-43 that is disrupted in its RNA-binding ability,
however, does not recreate these phenotypes. Inhibited expression of the D. melanogaster

TARDBP homologue TBPH causes similar impairments to locomotor function and
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lifespan. Together these data suggest that it is the dysregulation of TDP-43 function in
RNA metabolism and gene expression, rather than toxic effects of aggregates, that lead to
motor neuron degeneration in ALS.
1.11 Regulation of Mitochondrial Homeostasis

Mitochondria form a dynamic network that responds to the needs of the cell
through regulation of the interconnected processes determining morphology, distribution,
fission, fusion, degradation, and biogenesis (Dorn and Kitsis, 2014; Chen and Chan,
2009). The nuclear genome encodes all but 13 of the protein subunits required to form
mitochondrial electron transport chain complexes, necessitating replication of, and
transcription from, the mitochondrial genome (Sen and Cox, 2017). Mitochondria have
therefore retained their ability to proliferate through fission and to exchange DNA and
other components through fusion (Dorn, 2019). Proliferation of mitochondria enables
their distribution as required within the cell via trafficking along the microtubules, and
mitochondrial trafficking conversely enables fusion by bringing mitochondria in
proximity to one another. Fission and fusion are important determinants of mitochondrial
morphology, affecting function, while trafficking itself is morphology-dependent
(Ravanelli ef al., 2020; Chen and Chan, 2009). For example, impaired trafficking of
enlarged mitochondria to distal regions of axons and dendrites may cause their retraction
and lead to loss of neuronal function (Zhu et al., 2018). Damage to mitochondrial
respiratory complexes results in less efficient oxidative respiration, producing greater
amounts of damaging ROS (Cacciatore et al., 2012). Damage to mitochondria caused by
ROS can also trigger the release of cytochrome c and other pro-death factors into the

cytosol, initiating apoptosis (Ma et al., 2020). In a network of content-exchanging toxin-
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producing mitochondria it is important that mitochondrial damage be controlled, as
failure to do so endangers the entire intracellular population as well as the cell itself
(Dorn and Kitsis, 2014). Fission enables the segregation of mitochondrial damage and
produces small morphology appropriate for degradation by mitophagy. Fission and
mitophagy can effectively preserve mitochondrial function only where an abundant
supply of healthy mitochondria are maintained through fusion and biogenesis (Ge et al.,
2020; Dorn and Kitsis, 2014). Thus mitochondrial homeostasis depends on the precise
and responsive function of these conserved and interdependent processes.
1.12 Mitochondrial Dynamism

Mitochondrial dynamism refers to the processes of fission, fusion, and trafficking
(Dorn, 2019). Dynamism is primarily mediated by the GTPases including optic atrophy 1
(OPA1), dynamin related protein 1 (DRP1), and mitofusin 1 and mitofusin 2 in mammals
or the single mitofusin mitochondrial assembly regulatory factor (Marf) in most D.
melanogaster cells (Dorn, 2019). Fission and fusion occur continuously, resulting in an
intracellular mitochondrial population nearly homogenous in content (Ravanelli ef al.,
2020; Chan, 2007). Mitochondria do not retain individual identities upon fusion: they
merge membranes, matrices, and have continuity of function (Chan, 2007; Dorn, 2019).
Fusion has a protective role in mitochondrial function as the merging of individuals
enables mitochondrial DNA repair, protein complementation, and can provide greater
access to metabolites that may have been lacking (Chen and Chan, 2009). Enhanced
fusion produces elongated mitochondria that may be more efficient in ATP production
and that are resistant to engulfment, which is required for mitophagy (Zhu et al., 2018;

Zemirli et al., 2018). Exposure to mild stress conditions including nutrient deprivation
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and exposure to some toxins cause hyperfusion (Ge et al., 2020). Enhanced fission
produces smaller mitochondria which are more efficiently trafficked via microtubules
(Chen and Chan, 2009). Asymmetric fission acts to segregate damaged components by
selectively incorporating undamaged components into one daughter organelle, resulting in
one healthy mitochondrion and one that is severely impaired and will quickly by
degraded by mitophagy (Dorn and Kitsis, 2014). Conditions of severe stress such as
prolonged nutrient deprivation and oxidative stress cause enhanced fission which enables
mitophagy, limits respiration and thus free radical production, and promotes apoptosis in
the absence of mitophagy (Zemirli et al., 2018; Hung et al., 2018; Chen and Chan, 2009;
Garza-Lomb0 et al., 2020). Thus regulation of fission and fusion play an important role in
regulation of the cellular mitochondrial network, including in stress response processes.
Mitochondrial trafficking is intimately connected to fusion and fission. Not only
are the function of these processes interdependent; they also share molecular mechanisms
(Dorn, 2019). In animal cells, mitochondrial motility mostly occurs via trafficking along
the microtubules (Chen and Chan, 2009). Mitochondrial trafficking is regulated by
mitofusins localized to the outer membrane (Dorn, 2019). These mitofusins can bind to
Miro proteins and tether mitochondrial Miro-Milton-kinesin-dynein complexes that
facilitate attachment to, and movement along, microtubules. Distribution of mitochondria
is of particular concern in polarized cells and those with complex morphology, including
neurons (Chen and Chan, 2009; Zhu et al., 2018). Neurons have high energy needs at
distal axons and dendrites, necessitating the trafficking of mitochondria far from the cell
body (Zhu et al., 2018). Dysfunction in mitochondrial dynamics causes the accumulation

of mitochondria with abnormal morphology, which has been linked to cellular damage
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(Zhu et al., 2018). Impaired processes determining mitochondrial dynamics cause
neuronal dysfunction and neurodegeneration.

Genes linked to neurodegenerative disease that interact with dynamism genes and
processes include PD-associated Pinkl and parkin, and ALS-associated VCP (Fu et al.,
2018). Abnormalities in mitochondrial morphology have been observed in Pinkl and
parkin mutant D. melanogaster, which could in part be due to their interaction with
dynamism genes as well as their role in mitophagy (Corti et al., 2011). PINK1
phosphorylation and Parkin ubiquitinylation promote degradation of outer membrane
proteins including mitofusins, suppressing fusion and thus favouring smaller
mitochondria which can be engulfed to form phagophores prior to maturation to
autophagosomes (Hung et al., 2018; Rodolfo et al., 2018; Ravanelli et al., 2020; Zhu et
al., 2018; Imai, 2020; Markaki and Tavernakis, 2020; Garza-Lombo et al., 2020). VCP,
which binds to the mitochondrial outer membrane following Parkin ubiquitinylation of
outer membrane proteins, is required for PINK 1-Parkin-associated degradation of
mitofusins (Kim et al., 2013). Suppression of fusion may be protective through inhibition
of the spread of damaged components and toxic molecules throughout the mitochondrial
network (Bhandari et al., 2014). PINK1 promotes fission through recruitment of DRP1 to
the outer membrane (Ge et al., 2020). On the other hand, activated Parkin at mitochondria
ubiquitinylates DRP1 and promotes its degradation, suppressing fission (B. Wang et al.,
2016). The relationship between PINK1-Parkin signalling, fission, and mitophagy is
illustrated in Figure 1.3. Phenotypes associated with D. melanogaster Pinkl and parkin
mutants including climbing impairments and muscle degeneration can be ameliorated

through the misexpression of dynamism proteins (Chen and Chan, 2009). Specifically,
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Figure 1.3 PINK1 acts as a sensor to detect mitochondrial damage, and PINK1-
Parkin signalling regulate mitochondrial fission and mitophagy. A) Outer membrane
proteins, including accumulated PINK 1 on damaged mitochondria, recruit the fission
protein DRP1 to the mitochondrial surface. PINK1 phosphorylation and subsequent
ubiquitylation by activated Parkin also promotes degradation of mitofusins, suppressing
fusion. B) Fission is induced by DRP1 at the mitochondrial surface, which oligomerizes
to form spiral filaments that constrict the mitochondrion and cause it to separate into two
daughter mitochondria. Asymmetric fission acts to segregate damaged components into
one daughter cell. C) One healthy mitochondrion is produced as a result of asymmetric
fission. PINKI1 is targeted to healthy mitochondria but does not accumulate, as it is
instead imported and degraded within the mitochondrial matrix. D) A mitochondrion with
damaged components may undergo a loss of inner membrane potential (depolarization),
triggering PINK 1-Parkin-mediated mitophagy. This causes PINK1 to accumulate on the
mitochondrial surface and dimerize. E) Homodimerized PINK1 undergoes
autophosphorylation, and activated PINK 1 phosphorylates ubiquitin chains present at the
mitochondrial surface. PINK1 phosphorylation activates Parkin, which then
ubiquitinylates mitochondrial proteins including translocase of the outer membrane.
Autophagy receptors including p62 have ubiquitin-binding domains as well as
microtubule-associated protein 1A/1B-light chain 3 (LC3)-interacting regions. LC3
domains facilitate binding of autophagy receptors to phagophores, which enable
engulfment of ubiquitin-marked mitochondria to form autophagosomes. F)
Autophagosomes fuse with lysosomes for proteolytic degradation of damaged
mitochondria. This figure was prepared using Microsoft PowerPoint for Microsoft 365
version 2406.
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promotion of fission over fusion has this rescuing effect; whether through Drp1
overexpression or inhibited expression of Marf or Opal. Mitofusins likewise are involved
in PINK1-Parkin mitophagy signalling (Dorn, 2019). In mammals, mitofusin 2 mediates
the recruitment of Parkin to damaged mitochondria (Zhu ef al., 2018). When MFN2,
encoding mitofusin 2, is suppressed in mouse neurons and cardiomyocytes, Parkin-
mediated mitophagy is impaired and cells show an accumulation of morphologically
abnormal mitochondria. Thus dysregulation of dynamism processes may be a common
consequence of mutations that impact neurodegenerative disease-associated genes.
1.13 Mitophagy

Mitophagy is a specialized form of autophagy that functions to identify damaged
mitochondria and target them for lysosomal degradation (Ravanelli ef al., 2020; Dorn and
Kitsis, 2014). Autophagy occurs at basal levels in healthy conditions in almost all cell
types (Garza-Lombo ef al., 2020). Basal mitophagy is widespread, though rates under
ideal conditions are apparently low as evidenced by the observation that some stable
isotope-labeled mitochondrial proteins in D. melanogaster have half-lives of greater than
30 days (Ge et al., 2020; Vincow et al., 2013). Mitophagy can be induced by oxidative
stress, and mitophagy rates are age-dependent (Garza-Lombo et al., 2020; Ge et al.,
2020). Levels of mitophagy have been reported to increase with age in wild-type D.
melanogaster, but decrease with age in mice (Ge et al., 2020). As mitochondria are
continuously joining and dividing, mitochondrial quality control mechanisms including
mitophagy must rapidly respond to prevent stress-induced mitochondrial damage from
spreading throughout the cellular network (Harper ef al., 2018). Stress-induced

mitophagy usually has a pro-cell survival effect; preventing the release of pro-apoptotic

23



factors from damaged mitochondria (Garza-Lombb et al., 2020; Lee et al., 2020).
Mitophagy works alongside other mitochondrial quality control processes such as the
ubiquitin-proteosome system, which functions to remove ubiquitinylated mitochondrial
proteins, and some proteins including VCP have roles in both process (Ge ef al., 2020;
Yeo and Yu, 2016). Mutations in mitophagy-regulating genes that are associated with
neurodegenerative disease include VCP and p62 which are associated with ALS, and
Pinkl and Parkin which are associated with early-onset forms of PD (Carri et al., 2017,
B. Wang et al., 2016). Deficiency of parkin may be associated with other forms of PD as
the Parkin protein can be sequestered into Lewy bodies, and impaired PINK 1-Parkin
signalling is also associated with ALS and other neurodegenerative disease (Ge et al.,
2020; Quinn et al., 2020). Investigation of the proteins that regulate mitophagy may be
informative in elucidating the role of this key process in the progression of
neurodegenerative disease.
1.14 Mitophagy in Drosophila melanogaster

Mutant Pinkl and parkin D. melanogaster have locomotor defects, decreased
lifespan, and specific degeneration of DA neurons; indicating that these mutants may be
useful in PD modelling to enhance understanding of mechanisms of this disease (Aryal
and Lee, 2019). In D. melanogaster aged to four weeks, mitophagy occurs at
approximately 10 times the rate as that of D. melanogaster aged to one week (Cornelissen
et al., 2018). This age-dependent mitophagy increase was not observed in D.
melanogaster inhibited in Pinkl and parkin expression. Further, they found that
mitophagy occurring at low levels in one-week-aged D. melanogaster was not affected by

Pinkl or parkin inhibition. This finding is consistent with no differences found in the
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mitophagy levels of PinkI- and parkin- null D. melanogaster compared to control at one
to three days of age (Lee et al., 2018). Parkin-independent alternative mitochondrial
quality control mechanisms including the ubiquitin-proteasome may compensate for loss
of Pinkl and parkin in young individuals (Markaki and Tavernarakis, 2020; Livnat-
Levanon and Glickman, 2011). Proteasomal activity declines with age in D.
melanogaster, emphasizing the role of Parkin-mediated mitophagy in age-related disease
such as PD (Livnat-Levanon and Glickman, 2011). Interestingly, parkin null mutants at
two to three days of age do show locomotor defects as evaluated through climbing and
flight assays (Greene et al., 2003). This suggests that loss of Parkin may have mitophagy-
independent roles in young D. melanogaster. VCP is an AAA+ ATPase with roles in
autophagosome maturation and initiation, and autophagy is impaired in ALS and FTLD
patients with ’CP mutations (Yeo and Yu, 2016). VCP is highly conserved, and is
encoded in D. melanogaster by TER94 (Yeo and Yu, 2016; Carri et al., 2017). TER94
overexpression rescues phenotypes associated with Pinkl deficiency in D. melanogaster,
including locomotor defects, but not those associated with Parkin deficiency (Kim et al.,
2013). TER94-null D. melanogaster mutants typically do not survive pupation, and those
that do die shortly after eclosion. RNAi-mediated 7ER94 inhibition in D. melanogaster
motor and dopaminergic neurons can cause a reduction in lifespan (Hurley and Staveley,
2020). Thus D. melanogaster models have played a role in elucidating the function of
PINK1, Parkin, and VCP in mitophagy.
1.15 Mitochondrial Biogenesis

Replicative fission and the longevity of mitochondrial networks are enabled by

mitochondrial biogenesis: the synthesis of mitochondrial-encoded proteins, and the
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synthesis and import of nuclear-encoded proteins and components (Popov, 2020; Dorn
and Kitsis, 2014). The majority of mitochondrial proteins are encoded in the nucleus, and
their expression is largely controlled by the peroxisome proliferator-activated receptor-y
coactivator 1 (PGC-1) family of transcription factors (Ravanelli et al., 2020; Ge et al.,
2020). Most nuclear-encoded mitochondrial proteins are imported following translation
through translocase of the outer membrane complexes embedded within the outer
membrane (Eliyahu ef al., 2010). PGC-1 transcription factors regulate the expression of
mitochondria-encoded genes, including through control of the mitochondrial transcription
factor A (Popov, 2020; Markaki and Tavernarakis, 2020). PGC-1a is a master regulator
of mitochondrial biogenesis that controls the activity of multiple other biogenesis-
associated transcription factors (Palikaras et al., 2015). PGC-1a is, in turn, regulated by
Parkin interacting substrate (PARIS); a ubiquitinylation target of activated Parkin
(Palikaras et al., 2015; Markaki and Tavernarakis, 2020). PGC-1a is upregulated upon
degradation of ubiquitinylated PARIS, thus coordinating biogenesis with mitophagy (Ge
et al., 2020). Sequestration of PINK1 to Lewy bodies in PD brain tissue is associated with
elevated levels of PARIS and downregulated PGC-1a; linking dysregulation of
mitochondrial biogenesis with PD (Ge ef al., 2020; Popov, 2020). High insulin levels
cause increased mitochondrial protein synthesis through regulation of PGC-1a, whereas
low levels of insulin signalling induce mitophagy (Palikaras et al., 2015; Ruegseggar et
al., 2018). These findings demonstrate that biogenesis is coordinated with other processes

to control mitochondrial homeostasis.
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1.16 RNA-Processing in Regulation of Mitochondrial Biogenesis

Many identified ALS-causing genes are involved in RNA-processing, and RNA-
processing defects may contribute to mitochondrial dysfunction (Carri et al., 2017).
Regulation of mitochondrial biogenesis necessitates control of mitochondrial gene
transcription and processing of these transcripts (Palikaras ef al., 2015). Cytoplasmic
mRNA processing is an important means by which to control gene expression, including
regulation of mRNA stability, translation, and localization (Buchan and Parker, 2009).
Localization of nuclear-encoded mitochondrial mRNAs often occurs prior to translation
(Eliyahu et al., 2010). Translation of nuclear-encoded mitochondrial mRNAs in
proximity to mitochondria by local ribosomes and translation factors is more energy-
efficient than transportation of mitochondria-bound proteins, and enables rapid translation
at mitochondria in response to intracellular signals. Pre-translational localization can
occur as the result of mRNA interaction with RNA-binding proteins, which inhibits
translation while bound and facilitates translocation towards mitochondria (Lesnik et al.,
2015). An alternative mechanism of mRNA localization is co-translational protein
targeting and import: a mechanism that is most well-understood in relation to
endoplasmic reticulum-associated proteins, but which has been reported to occur at the
mitochondria (Nyathi ef al., 2013; Lesnik ef al., 2015). By this mechanism, ribosome-
bound mRNAs complex with a signal recognition particle following the translation of a
short signal sequence, and are then targeted to signal recognition particle receptors
(Nyathi et al., 2013). Once targeted to a receptor the protein can be translocated through
the membrane pore as translation continues, where protein folding is completed following

translocation. Co-translational import thus couples protein synthesis with localization
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(Lesnik et al., 2015). Modulation of biogenesis through regulation of localized translation
at mitochondria may be a point where cells can exert a rapidly responsive control of
mitochondrial homeostasis.

mRNAs are associated with RNA-binding proteins in messenger
ribonucleoprotein (mRNP) complexes throughout their life cycles: determining mRNA
stability, degradation, translation, and localization (Erickson and Lykke-Andersen, 2011).
Non-translating mRNPs in the cytoplasm can assemble to form mRNP granules, which
rapidly form and disperse in response to cues from the cellular environment (Erickson
and Lykke-Andersen, 2011; Tian et al., 2020). mRNP granules have distinct functions
depending on location and composition, though different types of mRNP granules interact
and frequently exchange components (Tian et al., 2020; Bowden and Dormann, 2016).
Two well-described types of mRNP granules are processing bodies and stress granules,
both of which form in response to stressors such as nutrient deprivation. Processing body
formation is not stress-dependent, however their formation is upregulated in response to
stress (Ivanov et al., 2019; Erickson and Lykke-Andersen, 2011; Buchan and Parker,
2009). Processing bodies associate with components that act to repress translation and
initiate mRNA decay, though mRNA degradation does not occur within these mRNP
granules (Ivanov ef al., 2019). Stress granules form on impaired initiation of translation
including in conditions of stress caused by nutrient deprivation, oxidative stress, and heat
(Buchan and Parker, 2009; Buchan et al., 2013). Stress granules form where translation is
repressed through overexpression of RNA-binding proteins, and are related to
pathological accumulations associated with neurodegenerative disease including ALS and

FTLD (Buchan and Parker, 2009; McGurk et al., 2015; Buchan et al., 2013). Stress
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granules associate with translation initiation components and disassemble during stress
recovery (Buchan and Parker, 2009). They may function in translation repression, mRNA
stabilization, and translation initiation complex assembly. mRNP granules act as
specialized compartments which enables acute post-transcriptional mRNA regulation in
response to cellular cues, and different types have distinct functions.

Stress granule dysregulation is genetically associated with ALS and FTLD
through TARDBP, FUS, C9o0rf72, and VCP (Bowden and Dormann, 2016; Buchan et al.,
2013). mRNP granules form due to weak interactions between low-complexity (LC)
domains which causes self-aggregation of translationally inactive mRNPs (Bowden and
Dormann, 2016). TDP-43 and FUS contain LC domains and localize to stress granules
under conditions of stress, and mutations affecting TARDBP and FUS LC domains cause
ALS and FTLD (Bowden and Dormann, 2016; McGurk et al., 2015). TDP-43 and FUS
aggregates found in postmortem analysis of ALS and FTLD patients contain stress
granule marker proteins (Bowden and Dormann, 2016). Impaired stress granule formation
in CY9orf72 mutants on the other hand reduces stress granule function and causes
increased cell death on stress. Stress granules are autophagy targets, and granule
clearance is inhibited where autophagy is suppressed including in V'CP mutants (Nguyen
et al.,2019; Buchan et al., 2013). Therefore, mutations that impair autophagy can impair
mRNA regulation via their effects on mRNP granule processing. Together, these indicate
that altered function of mRNP complexes may result in impaired post-transcriptional
mRNA regulation to influence the progression of neurodegenerative disease. Considering
the importance of mitochondrial homeostasis in neurodegeneration and ageing, the

function of RNA-binding proteins that influence mitochondrial biogenesis through
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regulation of mitochondria-associated mRNAs may be vitally important in the pathology
of age-related disease.
1.17 Clueless

The clueless gene in Drosophila melanogaster encodes a ubiquitously expressed
RNA-binding protein that is essential for mitochondrial function and organism survival
(Bastian et al., 2021; Cox and Spradling, 2009). The Clueless protein consists of 1448
amino acids and has multiple domains, including highly conserved Clu and tetracopeptide
repeat (TPR) domains. The role of the Clu domain is unknown but it seems to be essential
for protein function and is highly conserved (Yang et al., 2022; Sen and Cox, 2016; Cox
and Spradling, 2009). While Clueless and its mammalian homologue CLUH share 53%
amino acid identity, these proteins share 85% amino acid identity in the Clu domain (Cox
and Spradling, 2009). This domain is located towards the N-terminus of the protein in
eukaryotic model organisms including D. melanogaster, mammals, and Dictyostelium
discoideum (Sen and Cox, 2016). The well-conserved TPR domain, located towards the
C-terminus, facilitates RNA-binding in Clueless and CLUH and is essential for protein
function (Yang et al., 2022; Sen and Cox, 2016; Hémono et al., 2022). The RNA-binding
function of TPR domains in Clueless and its homologues is somewhat atypical, as these
have a more well-established role in facilitating protein-protein interactions (Schatton and
Rugarli, 2018). The TPR domain may facilitate protein-protein interactions in Clueless
and its homologues in addition to a role in RNA-binding, as mammalian CLUH was
found to interact with itself in an RNA-independent but TPR-dependent manner (Hémono
et al., 2022). The D. melanogaster Clueless protein interacts with itself and with other

proteins including translocase of outer membrane 20 (Tom20), PINK1, and DRP1 (Sen
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and Cox, 2016; Sen et al., 2015; Yang et al., 2022). The ability of Clueless and its
homologues to bind with mRNAs and other mitochondria-associated proteins may
facilitate a role in regulation of mitochondrial homeostasis.

Though closely associated with mitochondrial function, Clueless is exclusively
located within the cytoplasm (Cox and Spradling, 2009; Gao et al., 2014). Clueless and
its homologues, potentially along with bound mRNAs, are often found in large
mitochondria-associated particles (Cox and Spradling, 2009; Yang et al., 2022; Gao et
al., 2014). The peripheral association of the Clueless protein with the mitochondria may
be enabled by the capacity of this protein to bind to mitochondrial outer membrane
proteins including Porin, Tom20, and PINK1 (Sen et al., 2015). D. melanogaster Clueless
particles are mobile, and their mobility is determined by microtubules, as they move at
speeds consistent with transport by microtubules and movement is disrupted on
destabilization of the network (Sheard et al., 2020). Clueless particles do not co-localize
with processing bodies, and the behaviour of Clueless particles is unlike that of stress
granules in that they form under healthy conditions and disaggregate in response to
stressors including nutrient deprivation and oxidative stress (Sheard et al., 2020). Parkin
and SOD?2 mutants have no apparent Clueless particles, potentially due to increased stress
conditions in these mutants (Sen et al., 2013; Sheard et al., 2020). In contrast, CLUH
localizes to particles in mouse liver cells which become larger following starvation of the
animal or following nutrient deprivation in cell culture (Pla-Martin et al., 2020). CLUH
granules are distinct from processing bodies and stress granules, but can contain stress

granule components including Ras-GAP SH3 domain binding proteins (G3BPs). The
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distribution and localization of Clueless and its homologues are responsive to cellular
stress conditions and may act as an indicator of mitochondrial function.
1.18 Clueless and Mitochondrial Localization

The clueless gene and its orthologues have been described in many eukaryotes
including plants, fungi, insects, and mammals (Logan et al., 2003; Fields et al., 1998;
Cox and Spradling, 2009; Gao et al., 2014). In all examined organisms, clueless
orthologue mutants show phenotypes of mitochondrial clustering proximal to the nucleus
(Schatton and Rugarli, 2018). The mitochondrial clustering phenotype in D. melanogaster
clueless mutant cells is alleviated upon transfection with mammalian CLUH, indicating
that the mechanisms by which Clueless and its homologues control mitochondrial
localization are conserved between our species (Sen ef al., 2015). Clustered mitochondria
have been described as discrete in clueless and CLUH mutants (Cox and Spradling, 2009;
Gao et al., 2014). Clueless binds with both PINK1 and Parkin, and these proteins may
interact to control mitochondrial positioning (Cox and Spradling, 2009; Sen et al., 2015).
Mitochondria do not cluster in D. melanogaster clueless heterozygotes that have one
functional copy of the allele, or in parkin heterozygotes, but clueless and parkin double
heterozygotes do have clustered mitochondria (Cox and Spradling, 2009). A similar
interaction was observed in clueless and Pinkl double heterozygotes (Sen et al., 2015).
This suggests that these proteins may interact to control mitochondrial positioning. This
could in part be due to the interaction of the PINK1 and Parkin proteins with dynamism
proteins including mitofusins and DRP1 (Corti et al., 2011; Kim et al., 2013; Zemirli et
al., 2018). Overexpression of parkin in clueless mutant D. melanogaster cell culture

rescues the mitochondrial clustering phenotype, but overexpression of Pinkl in these cells
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does not, suggesting that Clueless functions downstream of PINK1 but upstream of
Parkin to determine mitochondrial positioning (Sen et al., 2015). Therefore, Clueless and
its homologues interact with mitophagy-associated proteins to control mitochondrial
localization.
1.19 Clueless and Mitochondrial Dynamism

Expression of clueless-RNAi in D. melanogaster muscles and CLUH suppression
in cultured human cells causes a morphology of elongated mitochondria: a common result
of fusion being favoured over fission in the intracellular mitochondrial network (Yang et
al., 2022). Elongated mitochindria could in part be a consequence of the defects that
cause mitochondrial mislocalization, as increased proximity results increases opportunity
for fusion (Dorn, 2019). Alternatively, increased size of mitochondria results in impaired
trafficking, so the phenotype of mitochondrial mislocalization could be caused by either
increased fusion or decreased fission. The clueless gene interacts the with mitochondrial
dynamism-associated genes Marf, Drpl, and TER94 (Z. Wang et al., 2016; Yang et al.,
2022). The clueless-encoded protein Clueless binds to VCP in vivo (Z. Wang et al.,
2016). VCP facilitates the proteasomal degradation of Marf, and proteasomal Marf
degradation was reduced upon clueless suppression. Overexpression of Drp/ causes a
partial rescue of phenotypes associated with clueless inhibition. Changes in Marf levels
were not observed in response to c/ueless inhibition or overexpression and a rescue of
phenotypes associated with clueless inhibition upon inhibited Marf expression was not
found (Yang et al., 2022). This study did find that Drpl overexpression rescues
phenotypes associated with the inhibition of clueless in D. melanogaster, with mean

survival extended from three to seven days post-eclosion. Similarly, a rescue of
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phenotypes associated with CLUH inhibition in cultured human cells on Drpl
overexpression was observed. It was further found that CLUH binds mRNAs encoding
the mammalian DRP1 receptors mitochondrial fission factor (Mff) and mitochondrial
dynamic protein of 49 kDa (Mid49), and that translation of these proteins is reduced on
CLUH inhibition. Clueless and its homologues as negative regulators of mitofusins via
interaction with VCP, or as positive regulators of fission via interaction with DRP1
receptor transcripts, is consistent with phenotypes observed on loss of these proteins
including mitochondrial clustering proximal to the nucleus, mitochondrial elongation, and
decreased mitophagy.
1.20 Clueless and Mitophagy

Mitochondria in clueless mutants show morphological abnormalities consistent
with mitochondrial oxidative damage including disrupted cristae organization (Cox and
Spradling, 2009; Z. Wang et al., 2016). ATP levels are reduced in c/ueless-null mutant
adults, with ATP levels dropping each day following eclosion (Sen and Cox, 2016; Sen et
al., 2013). Mutant clueless larvae have normal levels of ATP, highlighting the importance
of Clueless for oxidative phosphorylation by mitochondria, as ATP defects in clueless
mutants occur upon the switch from reliance on cytosolic glycolysis. (Sen et al., 2013).
Increased mitochondrial damage upon inhibition of clueless expression in D.
melanogaster may in part be explained by failure to remove damaged organelles through
mitophagy. Clueless suppression in vivo causes autophagy markers including p62 to
accumulate near mitochondria, though those mitochondria are not engulfed into
autophagosomes and degraded (Z. Wang et al., 2016). Accumulation of p62 and

decreased mitochondrial turnover were observed in the livers of CLUH-deficient mice
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(Pla-Martin et el., 2020). Mitophagy defects may in part be due to increased
mitochondrial size, as enhanced fission by either Drpl overexpression or Marf
suppression resulted decreased p62 accumulation near mitochondria in a clueless-
inhibited background (Z. Wang et al., 2016). RNAi-mediated clueless inhibition causes
loss of mitochondrial inner membrane potential, and in cl/ueless mutants Parkin localizes
to mitochondria (Sen et al., 2015). This demonstrates that the interaction of PINK1 with
Parkin is not Clueless-dependent, and suggests that Clueless acts upstream of PINK 1 and
Parkin in mitophagy. High levels of clueless overexpression in D. melanogaster muscles
rescue muscle degeneration associated with loss of both Pinkl and Parkin, suggesting
Clueless may act downstream of PINK 1 and Parkin if Clueless, PINK1, and Parkin act
exclusively in the same pathway (Yang et al., 2022). Together, these indicate that that
Clueless may act in parallel to PINK1 and Parkin function to regulate mitochondrial
homeostasis.
1.21 Clueless and Localized Translation at Mitochondria

Clueless interacts with ribosomal subunits and eukaryotic initiation factor
components and specifically binds with the ribosomal subunit RpL7a at the mitochondria
and not elsewhere in the cytoplasm, suggesting a role in localized translation at the
mitochondria (Sen and Cox, 2016). Cytosolic chaperones and protein-import complex
components were not identified in a CLUH proximity analysis, so although CLUH could
be involved in the localized translation of mitochondrial proteins in mammals, a direct
involvement in the co-translational import of proteins into the mitochondria is not
apparent (Hémono et al., 2022). Clueless and its homologues bind to mRNAs, and CLUH

specifically binds to mRNAs for nuclear-encoded mitochondrial proteins (Sen and Cox,
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2016; Vardi-Okin and Arava, 2019; Gao et al., 2014). Target mRNAs of CLUH include
those associated with proteins involved with oxidative phosphorylation, $-oxidation,
amino acid catabolism, and mitochondrial quality control (Schatton and Rugarli, 2018).
The association of Clueless and its homologues with mRNAs encoding proteins essential
for mitochondrial function, as well as with translation components and outer membrane
proteins, suggests an essential role in coordinating mitochondrial biogenesis.

Proximity labelling analysis identified mitochondrial proteins enriched near
mammalian CLUH in the cytosol, most of which had mitochondrial targeting sequences
(Hémono et al., 2022). These proteins, found near the mitochondrial surface, accumulate
in the mitochondria. All examined mitochondrial proteins found to be proximal to CLUH
have CLUH-binding mRNA transcripts, and proximity of these proteins is dependent on
active translation. Analysis of steady-state protein levels in D. melanogaster shows that
clueless suppression causes the upregulation of proteins involved in stress response,
vesicle transport, and cytoskeletal organization (Sen and Cox, 2022). Upregulation of
proteins involved in stress response occurred upon the loss of PINK1 and SOD2
activities, however, so this could simply be a common response to increases in
mitochondrial damage. Proteins downregulated upon clueless suppression include those
involved in mitochondrial translation and respiratory chain components. Upon
examination of six respiratory chain proteins discovered to be less abundant in clueless
mutants, it was found that transcript levels for the mRNAs encoding these proteins was
not altered as compared to a control transcript. This is consistent with involvement of
clueless in post-transcriptional regulation of the translation of mitochondrial proteins in

D. melanogaster. Together, these data indicate a role for Clueless and its homologues in
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the regulation of mitochondrial biogenesis via control of localized translation of nuclear-
encoded mitochondrial proteins.
1.22 Clueless as a Potential Master Regulator of Mitochondrial Homeostasis
Clueless and its homologues may act as master regulators of mitochondrial
homeostasis through regulation of nuclear-encoded mitochondrial mRNA transcripts in
the cytosol (Schatton and Rugarli, 2018). In mammals, CLUH is the only known RNA-
binding protein that specifically binds multiple nuclear-encoded mRNA transcripts
encoding mitochondrial proteins. c/ueless ortholog function is required for mitochondrial
localization, biogenesis, turnover, and ultimately for cell and organism survival.
Furthermore, Clueless and its homologues may coordinate intracellular responses to stress
including stress-responsive regulation of mitochondria (Figure 1.4). Clueless particles
disaggregate rapidly on response to stress, and if mRNA regulation is tied to the
accumulation of Clueless in particles, this may represent flexible and responsive
regulation of mitochondria in response to intracellular signals (Sheard et al., 2020; Pla-
Martin et al., 2020). CLUH mutations have not been linked to mitochondrial dysfunction
in humans, possibly because the expression of this gene is necessary for life. Analysis of
genetic variation in 141 426 human genomes found only 10 CLUH loss of function
variants, only 17% of what would be expected by chance, indicating likely intolerance of
loss of function (Karczewski et al., 2020). Microdeletions on chromosome 17 affecting
CLUH and nearby genes have been observed, demonstrating that human heterozygotes
expressing only one copy of CLUH are viable (Landrum et al., 2018). However, as
deletions in a neighbouring gene cause a dominant neurodevelopmental disorder that is

usually fatal in early childhood, the effects of CLUH suppression in the ageing human
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Figure 1.4 Drosophila melanogaster Clueless is an RNA-binding protein that may
regulate mitochondrial homeostasis in response to stress signalling. Clueless is
cytoplasmic, but localizes to mitochondria due to interaction with outer membrane
proteins including Tom20 and PINK 1. At the mitochondrial surface, Clueless binds with
the ribosomal subunit RpL7a and may regulate localized translation. In low-stress
conditions, Clueless forms particles and upregulates respiratory chain proteins. In stress
conditions such as starvation, Clueless particles disaggregate and proteins associated with
stress response including mitochondrial quality control are upregulated. Clueless interacts
with VCP to promote Marf degradation, suppressing fusion. Clueless binds to mRNAs
encoding the DRP1 receptors Mid49 and Mff, and positively regulates fission. Clueless
promotes mitophagy through these interactions with dynamism proteins, as well as
through interactions with the mitophagy proteins PINK1 and Parkin. This figure was
prepared using Microsoft PowerPoint for Microsoft 365 version 2406.
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body have not been observed (Chen and Chein, 2010; Mochida, 2009). CLUH might be
important for human health, but the impacts of altered expression have not been
characterized. Investigation of clueless in the model organism D. melanogaster could
help to elucidate the function of clueless orthologues including mammalian CLUH in
ageing and neurodegeneration.
1.23 Clueless in Model Organisms

Phenotypes of mitochondrial dysfunction on clueless orthologue suppression
correspond to phenotypes of impaired health and longevity in model organisms. Where D.

408713 gllele adults

melanogaster clueless mutant homozygotes express the amorphic clu
are small, sterile, uncoordinated, and do not survive more than three to seven days
following eclosion (Cox and Spradling, 2009). Developmental viability is impaired, with
only 40% of clueless mutant individuals successfully eclosing as compared to control.
Clueless mutants have an abnormal wing posture phenotype similar to Pinkl and Parkin
mutants, and overexpression of clueless as well as ectopic expression of human CLUH
rescues this phenotype in Pinkl mutant D. melanogaster (Sen et al., 2015). Many
phenotypes associated with Pinkl and Parkin mutants are reproduced in clueless mutants,
though clueless depletion is more severe with an adult life expectancy of days rather than
weeks (Sen et al., 2013). Developmental viability is unaffected in clueless mutants at the
larval stage, though mitochondria are mislocalized in developing neuroblasts and Clueless
is highly expressed in these cells in wild-type individuals. Abnormal wing posture in
adults is indicative of muscle degeneration and climbing ability degrades quickly, with

adults unable to climb within one to two days following eclosion (Sen ef al., 2015). These

locomotor defects in c/ueless mutants likely cannot be attributed solely to muscle
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degeneration, however, as larval mobility is impaired upon RNAi-mediated directed
inhibition of clueless expression in either muscles or neurons (Z. Wang et al., 2016).
CLUH suppression in mice causes similar phenotypes: pups are underweight and die
within hours of birth, when mammals undergo a shift from glycolysis to oxidative
phosphorylation in several tissues (Schatton ef al., 2017; Schatton and Rugarli, 2018).
Thus clueless orthologue suppression causes phenotypes of impaired health and longevity
in mammalian and D. melanogaster models.
1.24 Research Goals

The Drosophila melanogaster model organism provides an opportunity to
evaluate the complex genetic interactions that contribute to highly conserved biological
functions including mitochondrial dynamics and function. Conserved function of Clueless
and its homologues, and the processes with which they are associated, allows for
experimental evaluation of the role of clueless in ageing and neurodegenerative disease.
These investigations may yield insight into mechanisms underlying these processes in
humans. Previous research in the Staveley laboratory at Memorial University of
Newfoundland has examined the effects of altered expression of mitochondria-associated
genes in D. melanogaster, including parkin, Pinkl, and TER94, on whole-organism health
and longevity (Haywood and Staveley, 2004; Todd and Staveley, 2012; Hurley and
Staveley, 2020). These interact with clueless; and mutations parkin and Pinkl are
associated with PD, and mutations in V'CP are associated with ALS. I examine the effects
of altered clueless expression in DA neurons, whose degeneration is associated with PD;
and motor neurons, whose degeneration is associated with ALS. Though subcellular

phenotypes associated with clueless suppression in D. melanogaster have been well-
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characterized, impacts of altered c/ueless expression in DA neurons and motor neurons on
whole-organism health and longevity have not previously been examined. The objective
of this research is to investigate the role of clueless in D. melanogaster by altering
expression of this gene and assessing the effects on longevity and age-related locomotor
function, in order to gain insight into the role of Clueless in the regulation of
mitochondrial homeostasis and in protection from age-related neurodegenerative disease.
If regulation of mitochondrial homeostasis by Clueless activity in D. melanogaster has a
protective effect against age-related neurodegeneration, then a) clueless suppression in
dopaminergic neurons should cause age-related disease comparable to PD, and b)

suppression in motor neurons should cause age-related disease comparable to ALS.
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Chapter 2: Methods
2.1 Drosophila melanogaster Care and Maintenance

Drosophila melanogaster were cultured in plastic vials stopped with sponges
containing ~5 mL of standard media. Media was prepared in batches with 65 g of
cornmeal, 10 g of yeast, 5.5 g of agar, 1 L of water, 50 mL of molasses, 2.5 mL propionic
acid, and 5 mL of 10% methylparaben solution in ethanol. Media was refrigerated prior to
use at 4 to 6°C. Stocks were maintained at a room temperature of ~22°C. Experimental
crosses and assays were conducted using moisture-containing incubators kept at 23 to
25°C. All stocks and experimental D. melanogaster were maintained in a daily light/dark
cycle via exposure to ambient external lighting. CO; anaesthetization was used to
facilitate examination under a dissecting scope for the purposes of conducting
experimental crosses and isolating critical-class progeny for assays. Experimental D.
melanogaster were placed on fresh media on collection, with no more than 20 individuals
per vial.
2.2 Drosophila melanogaster Lines and Crosses

The UAS/Gal4 system was used to direct the expression of UAS-associated
transgenes in Drosophila melanogaster dopaminergic and motor neurons (Brand and
Perrimon, 1993). A UAS-associated lacZ transgene was expressed was expressed in these
tissues (Figure 2.1) in to control for the effects Gal4 expression (Slade and Staveley,
2015). Expression of clueless was inhibited via expression of UAS-associated clueless-
RNAi transgenes (Figure 2.2). The UAS/Gal4 system was used to direct ectopic
expression of UAS-clu and UAS-CLUH in in DA neurons and motor neurons of c/u®*73

heterozygotes (Figure 2.3). Virgin females from Gal4 lines were crossed to males from
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Figure 2.1 Use of the UAS/GAL4 system to direct expression of Escherichia coli -
galactosidase (lacZ) in Drosophila melanogaster dopaminergic neurons. A) Virgin
females from a line containing a tysrosine hydroxylase (TH) enhancer-associated Gal4
transgene inserted on Chromosome 3 are crossed to males from a line containing an
upstream activation sequence (UAS)-associated lacZ transgene inserted on Chromosome
2. Progeny are heterozygotes containing both inserts, and male progeny were used to
control for the affects of Gal4 expression in dopaminergic neurons. + is used to denote
wild-type chromosomes. B) Transcription of the Saccharomyces cerevisiae Gal4
transcription factor is controlled by the 7H enhancer. In tissue where the Gal4
transcription factor is expressed, it binds to the UAS and facilitates transcription of
transgenic lacZ. C) The pattern of TH expression is specific to all dopaminergic neurons
and results in the specific expression of transgenic /acZ in these dopaminergic neurons. In
the adult nervous system of D. melanogaster, transgenic lacZ is expressed in thirteen
distinct dopaminergic neuron clusters (Friggi-Grelin ef al., 2003). This figure was
prepared using Microsoft PowerPoint for Microsoft 365 version 2406. Organism

silhouette was modified from an image created by Hegna (2012; Public Domain Mark
1.0).
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Figure 2.2 RNA interference (RNAI) is a conserved response to double-stranded
RNA that can be exploited to inhibit expression of a target gene. A) Transcription of
an RNAi transgene produces long double-stranded RNA with repeated-inverted fragment
sequences corresponding to the messenger RNA (mRNA) of a target gene. In the
cytoplasm, the enzyme Dicer cleaves long double-stranded RNA to produce double-
stranded short-interfering RNA approximately 21-23 nucleotides in length. B) Short-
interfering RNA associates with an Argonaut-family protein, which recruits other proteins
to form a RNAi-induced silencing complex (RISC). C) The RISC causes degradation of
the sense strand of the double-stranded RNA, leaving a single strand that acts as a “guide
strand”. The guide strand will be complementary to a section of the mRNA for a target
gene. This complementarity facilitates the binding of the guide strand to a section of the
target mRNA for degradation by a RISC-associated nuclease. Reviewed in Zhu and Palli,
2020. This figure was prepared using Microsoft PowerPoint for Microsoft 365 version
2406.
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Figure 2.3 Use of the UAS/Gal4 system to direct ectopic expression of UAS-clu and
UAS-CLUH in clu?’$’13 heterozygotes. A) clu’’"3/Cy0; UAS-clu/TM6C individuals are
double-heterozygotes which have the mutant clueless allele c/u®’"* on one copy of the
second chromosome and the balancer chromosome CyQO, which carries a dominant
marker causing curly wings in adult, on the other. Also heterozygous on the third
chromosome, they have both a UAS-clu transgene and the balancer chromosome TM6C,
which carries the dominant markers Stubble and Tubby. Stubble causes shortened
mechanosensory bristles detectable in adults, and Tubby causes a reduction in body
length most easily detected in pupae. clu?’®’"3/CyO;,; UAS-clu/TM6C males were crossed
to TH-Gal4 virgin females. Genotypes of progeny can be inferred through the use of
dominant markers. Male progeny of this cross with no phenotypes associated with the
dominant markers were selected for assessment. Their genotypes were inferred to
clu®7B/ely* ; TH-Gal4,; UAS-clu. B) clu®%’3/CyO,; UAS-CLUH individuals are second-
chromosome heterozygotes, which have the mutant clueless allele c/u?’’*3 on one copy of
the second chromosome and the balancer chromosome CyO on the other. These are third-
chromosome UAS-CLUH homozygotes. clu®®’!3/CyO,; UAS-CLUH males were crossed
to D42-Gal4 virgin females. Genotypes of progeny were inferred through the use of the
dominant markers, where the genotype of progeny without curly wings was inferred as
clu®B/clu*;D42-Gal4; UAS-CLUH. This figure was prepared using Microsoft
PowerPoint for Microsoft 365 version 2406. Organism silhouette was modified from an
image created by Hegna (2012; Public Domain Mark 1.0).
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UAS lines, and parental adults were allowed to lay eggs in media before being removed to
produce critical-class progeny. Only critical-class male progeny expressing the UAS-
associated transgene were collected and assayed. Experimental D. melanogaster were
collected daily. The TH-Gal4 (Friggi-Grelin et al., 2003), D42-Gal4 (Yeh et al., 1995),
and UAS-lacZ lines (Brand and Perrimon, 1993) were obtained from the Bloomington
Drosophila Stock Center. UAS-cluRNAi lines were obtained from the Vienna Drosophila
Resource Center. clu®®13/CyO; UAS-clu/TM6C and clu’’"3/Cy0; UAS-CLUH lines
were generously provided by Dr. Rachel T. Cox of the Uniformed Services University, F.
Edward Hébert School of Medicine in Bethesda, Maryland, USA (Cox and Spradling,
2009; Sen and Cox, 2015). See Table 2.1 for a list of D. melanogaster lines used.
Transgenic constructs are further described in Tables 2.2 and 2.3.
2.3 Lifespan Assay

Approximately 400 individuals of each experimental D. melanogaster genotype
were collected and vials were labeled. Experimental D. melanogaster were transferred to
fresh media every four days throughout the duration of the assay. Survival was scored
every two days, where individuals that did not move upon agitation were considered
deceased. Any individuals that were lost or were injured on handling were excluded from
analyses. Mean lifespan of experimental genotypes were compared to mean lifespan of
controls assayed concurrently. Results are reported as effect sizes with 95% confidence
intervals (Wasserstein and Lazar, 2016; Wasserstein and Lazar, 2016; Nakagawa and
Cuthill, 2007). All lifespan analysis calculations were performed using OASIS 2 (Han et

al., 2016).

46



Table 2.1 Drosophila melanogaster lines used in experimental crosses. Genotypes used
are given. The genomic location of the transgenics are given as construct location. Lines
obtained from the Bloomington Drosophila Stock Center are labeled with stock centre
IDs with the prefix BDSC. Lines obtained from the Vienna Drosophila Resource Center
are labeled with stock centre IDs with the prefix VDRC. Where no stock centre ID is
given, lines were generated and gifted by Dr. Rachel Cox of the Uniformed Services
University, F. Edward Hébert School of Medicine in Bethesda, Maryland, USA.
Constructs of interest are further described in Tables 2.2 and 2.3.

Genotype Stock Centre ID Constmct Constructs of Interest
Location
D42-Gal4 BDSC 8816 3 D42-Gal4
TH-Gal4 BDSC 8848 3 TH-Gal4
clu®713/Cy0; UAS-clu/TM6C - 2,3 clu®™’!3 and UAS-clu
UAS-cluRNAiXK108024 VDRC 100709 2 UAS-cluRNAiXk108024
UAS-cluRNA;"#13° VDRC 42136 2 UAS-cluRNAi"#*13¢
UAS-cluRNAi"#138 VDRC 42138 2 UAS-cluRNAi"#138
clu?713/Cy0; UAS-CLUH - 2,3 clu?’3 and UAS-CLUH
UAS-lacZ BDSC 1776 2 UAS-lacZ
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Table 2.2 Transgenic constructs expressed independently of Gal4. Location of Gal4
insertions of mutant alleles are given as chromosome of location. D42-Gal4 was
generated as described by Friggi-Grelin et al., 2003. Tyrosine hydroxylase-Gal4 (TH-

Gal4) was generated as described by Yeh et al., 1995. The clueless mutant allele clu

d08713

was generated as described by Thibault ef al., 2004. P-element-mediated transformation is
illustrated in Figure 2.4.

Transgenic Method of Generation Expression Chromosgme Validation
Construct Pattern of Location
P-element-mediated Mot Immunofluorescence of
D42-Gal4 transformation of an neu(;(?;s expression of UAS-GFP (Yeh
enhancer-associated Gal4 et al., 1995)
P-element-mediated Dobaminerei Immunofluorescence on
TH-Gal4 transformation of an Oflzuro;:sg ¢ expression of UAS-GFP
enhancer-associated Gal4 (Friggi-Grelin et al., 2003)
P-element-mediated Western blot (anti-Clueless
insertion of FRT sites to antibody): homozygotes lack
clu™’3  facilitate FLP-FRT based ~ Ubiquitous detectable 160 kD Clueless

deletion (Parks et al.,
2004)

protein (Cox and Spradling,
2009)
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Table 2.3 UAS-associated transgenic constructs expressed under the control of TH-
Gal4 or D42-Gal4. UAS-associated transgenic inserts are expressed in tissue dependent
on the presence of Gal4. UAS-clu and UAS-CLUH were generated as described by Sen
and Cox, 2015. UAS-cluRNAi*X193024  UAS-cluRNAi"*"3%, and UAS-cluRNAi"*"3¢ were
generated as described by Dietzl et al., 2007. UAS-lacZ was generated as described by
Brand and Perrimon, 1993. clueless is abbreviated to clu, RNA interference is abbreviated
to RNAI1, and Escherichia coli B-galactosidase is abbreviated to lacZ. P-element-mediated
transformation is illustrated in Figure 2.4.

Transgenic Construct

Insertion Method

Chromosome

Validation

UAS-clu

UAS-cluRNA#¥17%5%4

UAS-cluRNAi" 3¢

UAS-cluRNAi"#138

UAS-CLUH

UAS-lacZ

P-element-mediated
transformation of a UAS-
associated transgene

¢C31-based integration of
a UAS-associated RNAi
transgene (Bischof et al.,
2007)

P-element-mediated
transformation of a UAS-
associated RNAi
transgene

P-element-mediated
transformation of a UAS-
associated RNA1
transgene

P-element-mediated
transformation of a UAS-
associated RNAi transgene

P-element-mediated
transformation of a UAS-
associated RNAi transgene

Western blot (anti-Clueless
antibody) on expression under the
control of da-Gal4 in a clu™*""’
background (Sen and Cox, 2015)

Sanger sequencing to determine
presence of construct (Dietzl et al.,
2007)

Restriction digest and PCR to
determine presence of fragment of

expected construct length (Dietzl et
al., 2007)

Restriction digest and PCR to
determine presence of fragment of

expected construct length (Dietzl et
al., 2007)

Western blot (anti-CLUH antibody)
on expression under the control of
da-Gal4 in a c/u®""? background

(Sen and Cox, 2015)

Expressed under the control of
various Gal4 lines, staining for anti-
b-galactosidase antibodies (Brand
and Perrimon, 1993)
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Figure 2.4 Generation of TH-Gal4 Drosophila melanogaster by P-element-mediated
germ-line transformation (Friggi-Grelin ez al., 2003). A) P-element-mediated germ-
line transformation was performed by standard techniques (Rubin and Spradling, 1982).
Drosophila melanogaster homozygous for a recessive white mutant (w’!/%) causing a
mutant phenotype of white eyes were allowed to mate and lay eggs. B) A P-element
transposon was constructed to contain a wild-type white allele (w*) and a
Saccharomyces cerevisiae Gal4 transcrisption factor sequence fused to a regulatory
Drosophila melanogaster tyrosine hydroxylase (TH) regulatory region. This construct,
along with the transposase-containing plasmid prn25.7wc (Karess and Rubin, 1984), were
injected into the posterior region of w’//® embryos, from which germ cells develop. The
enzyme transposase facilitates insertion of the P-element into chromosomes of the host
cells. C) As these embryos develop, P-element insertion is limited to germ cells. In the
second generation, the dominant red-eyed phenotype shows the integration of the P-
element containing w*”¢ and TH-Gal4 into chromosomes of the somatic cells. This figure
was prepared using Microsoft PowerPoint for Microsoft 365 version 2406. Organism

silhouette was modified from an image created by Hegna (2012; Public Domain Mark
1.0).
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2.4 Climbing Assay

Approximately 200 individuals of each experimental D. melanogaster genotype
were collected and labeled. Experimental D. melanogaster were transferred to fresh
media every three to four days throughout the duration of the assay, including between 30
minutes and one day prior to measurement of climbing ability. Climbing ability was
assessed within the first two weeks following eclosion and every week thereafter until
fewer than 10 total individuals of each genotype remained. Any individuals that were lost
or injured on handling were excluded from analyses. Climbing ability was assessed
during daylight hours only, and experimental D. melanogaster were allowed at least 20
minutes to acclimate to room temperature of ~22°C prior to measurement. The D.
melanogaster negative geotaxis response was exploited to assess climbing ability (Iliadi
et al., 2016). The ability of experimental D. melanogaster to climb up a sponge-stoppered
glass tube 30 cm length and 1.5 cm in diameter was scored. The climbing apparatus was
divided into sections one through five, with section one encompassing the areas within 2
cm from the bottom sponge, section two encompassing the next 2 cm, section three
encompassing the next 2 cm, section four encompassing the next 2 cm, and section five
encompassing the remaining area. Experimental D. melanogaster were tapped into the
tube via a plastic funnel, allowed at least 30 seconds to acclimate, then firmly knocked
down to the bottom by repeat vertical tapping of the tube upon a soft surface. Climbing
ability was scored as section reached 10 seconds after tapping was ceased. This procedure
was followed twice for each group of experimental D. melanogaster measured, with only
the second time being scored. Experimental D. melanogaster were measured in groups of

up to 20 individuals, until all individuals of each genotype were scored.
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Climbing indices for each genotype at each day measured were calculated as per
Todd and Staveley (Todd and Staveley, 2004). Climbing indices were calculated as
Climbing Index = Z(nm) / N, where n is the number of individuals scored at each section,
m is the numbered section associated with height climbed, and N is the total number of
individuals for a genotype scored at that day. All climbing index calculations were
performed using Microsoft Excel version 2301. Climbing indices were fit to curves
according to the model Climbing Index = 5-(CeX"), where C is the y-intercept, e is the
mathematical constant e, K is the slope of the fitted curve, and t is age in days. Curve
fitting was done according to this model as described by Todd and Staveley except that
indices were weighted by number of individuals measured at each point as age-related
mortality resulted in fewer individuals measured as the assay progressed. Diagnostic plots
were visually analyzed to confirm that the assumptions of the nonlinear regression were
satisfied. Residual versus fitted, normal Q-Q, scale location, and residual versus leverage
plots were used to assess for normality, heteroscedasticity, and for the presence of
outliers. Climbing ability across lifespan of experimental genotypes were compared to
climbing ability of controls assayed concurrently. Fitted curves were compared within
95% confidence intervals to determine differences in climbing ability across lifespan. The
estimated slope parameter representing change in climbing ability across lifespan was
compared. All curve fitting and parameter estimates were performed using R version

4.2.2.
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Chapter 3: Results
3.1 Inhibited Expression of clueless in Dopaminergic Neurons Reduces Climbing
Ability but Does Not Affect Mean Lifespan

Expression of UAS-cluRNAiXK1%924 UAS-cluRNAi"#130, and UAS-cluRNAi"#*'38
under the control of TH-Gal4 causes slightly altered mean lifespan compared to UAS-lacZ
controls, however 95% confidence intervals overlap around the means (Figure 3.1).
Expression of UAS-cluRNAi*&19892%  UAS-cluRNAi"**'3%, and UAS-cluRNAi"**"3% under
the control of TH-Gal4 causes reduces climbing ability across lifespan (Figure 3.2).
Inhibited clueless expression in DA neurons causes impaired initial climbing ability, and
climbing indices do not overlap within 95% confidence intervals across much of the
climbing assay.
3.2 Inhibited Expression of clueless in Motor Neurons Decreases Mean Lifespan and
Reduces Climbing Ability

Expression of UAS-cluRNAiXKK1%924  UAS-cluRNAi"#?130 and UAS-cluRNAi"**'33
under the control of D42-Gal4 decrease mean lifespan compared to UAS-lacZ controls,
and 95% confidence intervals do not overlap around the means (Figure 3.3). Mean
lifespan is similarly decreased on expression of each clueless-RNAi transgene, with
decreases of 17-22%. Expression of UAS-cluRNAi*X1%94 UAS-cluRNAi"*?'3%, and UAS-
cluRNAi"#"33 under the control of D42-Gal4 causes reduces climbing ability across
lifespan (Figure 3.4). Expression of cluRNAi*k1%92 causes severely impaired initial
climbing ability and climbing indices do not overlap within 95% confidence intervals
across much of the climbing assay. These individuals show some climbing ability which

does not significantly decline across lifespan. Expression of UAS-cluRNAi"#*'3% does not
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Figure 3.1 Inhibited expression of c/ueless in dopaminergic neurons via RNAIi does
not significantly affect lifespan. Mean lifespans differ by 7% or less, and 95%
confidence intervals overlap around the means where UAS-cluRNAi*X1%8024 [j4S-
cluRNAi"#"3, and UAS-cluRNAi"**"38 are expressed under the control of TH-Gal4 and
compared to UAS-lacZ controls. TH-Gal4;UAS-lacZ controls have a mean survival of 93
days (95% CI: 90-96 days, N=325). TH-Gal4; UAS-cluRNAi*¥1%8%>4 individuals have a
mean lifespan of 88 days (95% CI: 85-90 days, N=294), while TH-Gal4;UAS-
cluRNAi"#"3% individuals have a mean lifespan of 95 days (95% CI: 92-97 days, N=365),
and TH-Gal4, UAS-cluRNAi"#**!38 individuals have a mean lifespan of 97 days (95% CI:
90-96 days, N=371). Results of lifespan assay are depicted as percent survival with error
bars representing standard error of the mean. This figure was prepared using Prism
version 10.1.2.
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Figure 3.2 Inhibited expression of clueless in dopaminergic neurons via RNAIi
reduces climbing ability across lifespan. Climbing ability declines less rapidly on the
expression of UAS-cluRNAiXK198024 UAS-cluRNAi"#*"%%, and UAS-cluRNAi"#*"3% under the
control of TH-Gal4, however impaired initial climbing ability compared to UAS-lacZ
controls results in climbing indices that do not overlap within 95% confidence intervals
across much of the climbing assay. Climbing ability for TH-Gal4,; UAS-lacZ controls
declines at an estimated rate of 3.8% per day, while climbing ability for TH-Gal4,; UAS-
cluRNAiXK195024 individuals declines at an estimated rate of 2.1% per day, climbing ability
for TH-Gal4;UAS-cluRNAi"#'%% individuals declines at an estimated rate of 2.6% per day,
and climbing ability for TH-Gal4,; UAS-cluRNAi"#*!38 individuals also declines at an
estimated rate of 2.6% per day. Climbing indices were calculated as per Todd and
Staveley (Todd and Staveley, 2004), with curves calculated according to the model 5-
Climbing Index=Ce*' and weighted according to number of individuals measured at each
time point. Shaded regions indicate 95% confidence intervals. Figure illustrates the model
described in Appendix 1. This figure was prepared using R version 4.3.2 with the ggplot2
package (version 3.5.1; Wickham, 2016).
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Figure 3.3 Inhibited expression of c/ueless in motor neurons via RNAIi reduces
lifespan. Expression of UAS-cluRNAi*X1%302¢ UAS-cluRNAi"**"3%, and UAS-cluRNAi"#*13
under the control of D42-Gal4 decreases mean lifespan by 17-22% compared to UAS-
lacZ controls. D42-Gal4,UAS-lacZ controls have a mean survival of 69 days (95% CI:
67-71 days, N=322). D42-Gal4,; UAS-cluRNAi*%19302% individuals have a mean lifespan of
58 days (95% CI: 56-59 days, N=337), while D42-Gal4,; UAS-cluRNAi"*?!% individuals
have a mean lifespan of 54 days (95% CI: 52-56 days, N=296), and D42-Gal4;UAS-
cluRNAi"#"3% individuals have a mean lifespan of 56 days (95% CI: 67-71 days, N=311).
Results of lifespan assay are depicted as percent survival with error bars representing
standard error of the mean. This figure was prepared using Prism version 10.1.2.
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Figure 3.4 Inhibited expression of clueless in motor neurons via RNAI reduces
climbing ability across lifespan. Climbing ability declines less rapidly on the expression
of UAS-cluRNAi*X198024 and UAS-cluRNAi"#*"3% under the control of D42-Gal4, however
impaired initial climbing ability compared to UAS-lacZ controls results in climbing
indices that do not overlap within 95% confidence intervals across much of the climbing
assay. Climbing ability for D42-Gal4; UAS-cluRNAi*k1%302% individuals is particularly
impaired initially, though these show very little decline in climbing ability with age:
estimated to be only 0.3% per day. Climbing ability for D42-Gal4,; UAS-lacZ controls
declines at an estimated rate of 2.6% per day, and D42-Gal4; UAS-cluRNAi"#*!3%
individuals decline at an estimated rate of 2% per day. Climbing ability declines slightly
more rapidly on the expression of UAS-cluRNAi"#?'%%, though initial climbing ability is
similar to UAS-lacZ controls, resulting in climbing indices that do not overlap within 95%
confidence intervals across much of the climbing assay. Climbing ability for UAS-
cluRNAi"*13% individuals declines at an estimated rate of 3.1% per day. Climbing indices
were calculated as per Todd and Staveley (Todd and Staveley, 2004), with curves
calculated according to the model 5-Climbing Index=CeX! and weighted according to
number of individuals measured at each time point. Shaded regions indicate 95%
confidence intervals. Figure illustrates the model described in Appendix 2. This figure
was prepared using R version 4.3.2 with the ggplot2 package (version 3.5.1; Wickham,
2016).
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affect initial climbing ability, though climbing ability declines more rapidly than controls
across lifespan and climbing indices do not overlap within 95% confidence intervals

across much of the climbing assay. Expression of UAS-cluRNAi"**'3%

causes impaired
initial climbing ability, and climbing indices do not overlap within 95% confidence
intervals across much of the climbing assay.
3.3 Heterozygous clueless Mutants Expressing Ectopic clueless in Dopaminergic
Neurons Have Reduced Climbing Ability But Not Mean Lifespan

clu®13 heterozygotes expressing UAS-clu or UAS-CLUH under the control of
TH-Gal4 have a slight decrease in mean lifespan compared to wild-type clu*; UAS-lacZ
controls, however 95% confidence intervals overlap around the means (Figure 3.5).
clu®13 heterozygotes expressing UAS-clu under the control of TH-Gal4 have reduced
climbing ability across lifespan compared to clu”; UAS-lacZ controls (Figure 3.6).
Individuals have an initially impaired climbing ability, and climbing indices do not
overlap within 95% confidence intervals across much of the climbing assay. clu?%$’%?
heterozygotes expressing UAS-CLUH do not have significantly different climbing ability
across lifespan compared to clu*; UAS-lacZ controls, with climbing indices overlapping
within 95% confidence intervals across much of the climbing assay.
3.4 Heterozygous clueless Mutants Expressing Ectopic clueless in Motor Neurons
Have Reduced Mean Lifespan, and Heterozygous clueless Mutants Expressing
Either Ectopic clueless or CLUH in Motor Neurons Have Reduced Climbing Ability

clu®’13 heterozygotes expressing UAS-clu under the control of D42-Gal4 have

decreased mean lifespan compared to wild-type clu";UAS-lacZ controls, and 95%

confidence intervals do not overlap around the means (Figure 3.7). clu®®’!3 heterozygotes
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Figure 3.5 Lifespan is not affected in heterozygous clueless mutants expressing
ectopic clueless or CLUH in dopaminergic neurons. Mean lifespans differ by 9% or
less and 95% confidence intervals overlap around the means where UAS-clu and UAS-
CLUH are expressed under the control of TH-Gal4 in heterozygous c/u“’*’"*mutants
compared to clu*,; TH-Gal4;UAS-lacZ controls. clu”; TH-Gal4;UAS-lacZ controls have a
mean survival of 78 days (95% CI: 74-81 days, N=293), while clu® B clu™ : TH-

Gal4,; UAS-clu individuals with ectopic clueless expression in dopaminergic neurons have
a mean survival of 71 days (95% CI: 68-75 days, N=312), and c/u®®""3:clu”*; TH-
Gal4;,UAS-CLUH individuals with ectopic CLUH expression in dopaminergic neurons
have a mean survival of 82 days (95% CI: 78-85 days, N=282). Results of lifespan assay
are depicted as percent survival with error bars representing standard error of the mean.
This figure was prepared using Prism version 10.1.2.
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Figure 3.6 Climbing ability across lifespan is reduced in heterozygous clueless
mutants expressing ectopic clueless but not CLUH in dopaminergic neurons.
Climbing ability is initially impaired but declines less rapidly where UAS-clu is expressed
under the control of TH-Gal4 in heterozygous clu“’*’"? mutants compared to clu”; TH-
Gal; UAS-lacZ controls, resulting in climbing indices that do not overlap within 95%
confidence intervals across much of the climbing assay. Climbing ability for clu”; TH-
Gal4;UAS-lacZ controls declines at an estimated rate of 4% per day, while climbing
ability for clu®’13:clu*; TH-Gal4; UAS-clu individuals declines at an estimated rate of
3.4% per day. Climbing ability is not significantly affected in c/u?’*"%;clu*; TH-

Gal4, UAS-CLUH individuals, with climbing indices overlapping within 95% confidence
intervals across much of the climbing assay. Climbing ability for c/u®®""3;clu”,; TH-
Gal4;TH-Gal4,UAS-CLUH individuals declines at an estimated rate of 3.5% per day.
Climbing indices were calculated as per Todd and Staveley (Todd and Staveley, 2004),
with curves calculated according to the model 5-Climbing Index=CeX* and weighted
according to number of individuals measured at each time point. Shaded regions indicate
95% confidence intervals. Figure illustrates the model described in Appendix 3. This
figure was prepared using R version 4.3.2 with the ggplot2 package (version 3.5.1;
Wickham, 2016).
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Figure 3.7 Heterozygous clueless mutants expressing ectopic clueless but not CLUH
in motor neurons have reduced lifespan. Heterozygous c/u®’*’!3 mutants expressing
UAS-clu under the control of D42-Gal4 have 10% decreased mean lifespan compared to
clu™;D42-Gal4; UAS-lacZ controls. clu™;D42-Gal4; UAS-lacZ controls have a mean
survival of 72 days (95% CI: 70-74 days, N=310), while c/u®®"13:clu*;D42-Gal4,; UAS-
clu individuals with ectopic clueless expression in motor neurons have a mean survival of
65 days (95% CI: 63-68 days, N=327). clu®"13:clu*;D42-Gal4; UAS-CLUH individuals
with ectopic CLUH expression in motor neurons have a mean survival of 72 days (95%
CI: 70-74 days, N=319), showing that lifespan is not impaired compared to controls.
Results of lifespan assay are depicted as percent survival with error bars representing
standard error of the mean. This figure was prepared using Prism version 10.1.2.
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expressing UAS-CLUH under the control of D42-Gal4 do not have affected lifespan
compared to clu™; UAS-lacZ controls. clu?’®’!3 heterozygotes expressing either UAS-clu or
UAS-CLUH under the control of D42-Gal4 have reduced climbing ability across lifespan
compared to clu*; UAS-lacZ controls (Figure 3.8). Climbing ability is impaired in young
individuals, and climbing indices do not overlap within 95% confidence intervals across

much of the climbing assay.
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Figure 3.8 Climbing ability across lifespan is reduced in heterozygous clueless
mutants expressing ectopic clueless of CLUH in motor neurons. Climbing ability is
initially impaired but declines less rapidly where UAS-clu is expressed under the control
of D42-Gal4 in heterozygous clu"®’13 mutants compared to clu”;D42-Gal; UAS-lacZ
controls, resulting in climbing indices that do not overlap within 95% confidence
intervals across much of the climbing assay. Climbing ability for clu”;D42-Gal4, UAS-
lacZ controls declines at an estimated rate of 2.8% per day, while climbing ability for
clu®7B clu™:D42-Gal4; UAS-clu individuals declines at an estimated rate 2% per day,
and climbing ability for clu®®"3:clu*;D42-Gal4; UAS-CLUH individuals declines at an
estimated rate of 2.4% per day. Climbing indices were calculated as per Todd and
Staveley (Todd and Staveley, 2004), with curves calculated according to the model 5-
Climbing Index=Ce*' and weighted according to number of individuals measured at each
time point. Shaded regions indicate 95% confidence intervals. Figure illustrates the model
described in Appendix 4. This figure was prepared using R version 4.3.2 with the ggplot2
package (version 3.5.1; Wickham, 2016).
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Chapter 4: Discussion
4.1 Inhibited clueless Expression in Dopaminergic Neurons Does Not Cause Age-
Related Disease

Inhibited expression of clueless in D. melanogaster DA neurons did not
significantly affect mean lifespan or cause a more rapidly progressive loss in climbing
ability with age (Figures 3.1, and 3.2). These results may indicate that the role of Clueless
in regulating mitochondrial homeostasis in response to age-related stress in DA neurons is
not important, that compensatory mitochondrial control mechanisms such as the
ubiquitin-proteosome system are upregulated on lifelong clueless inhibition in these cells,
or that clueless expression in these cells was not altered to such a degree as to have an
effect on these processes (discussed in Section 4.6). These data show that inhibited
expression of clueless in D. melanogaster DA neurons does not cause age-related
neurodegenerative disease comparable to PD.
4.2 Inhibited clueless Expression in Motor Neurons Causes Age-Related Disease

Inhibited expression of Clueless in D. melanogaster motor neurons decreases
mean lifespan, and can cause a more rapidly progressive loss in climbing ability with age
(Figures 3.3, and 3.4). Suppression of clueless on expression of UAS- cluRNAi"**13% under
the control of D42-Gal4 causes a more rapid loss of climbing ability with age compared
to control, demonstrating a role of Clueless in age-related retention of locomotor function
(Figure 3.4). Age-related disease on the inhibited expression of clueless exclusively in the
motor neurons is likely caused by the progressive loss of these cells with age. These data
show that inhibited expression of D. melanogaster clueless in motor neurons causes age-

related neurodegenerative disease comparable to ALS.
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4.3 Inhibition of clueless Expression in Motor Neurons Replicates Features of ALS
The suppression of clueless in motor neurons in D42-Gal4;UAS- cluRNAi"*13% D.
melanogaster replicates key features of ALS: impaired lifespan and premature loss in
locomotor function beginning in adulthood (Figures 3.7 and 3.8). As clueless is
exclusively suppressed in motor neurons in these individuals, these phenotypes likely
occur due to the progressive loss of motor neurons with age. Climbing ability of D42-
Gal4;UAS- cluRNAi"#?"3% individuals across lifespan declines at only a slightly greater
rate than that of controls (Figure 3.8). This slightly increased rate of decline in climbing
ability results in climbing indices that do not overlap within 95% confidence intervals
controls beginning approximately midway through the climbing assay, consistent with
midlife ALS onset in humans (Masrori and Van Damme, 2020). Clueless and its
homologues are RNA-binding proteins thought to regulate mitochondrial homeostasis
through control of mitochondrial mRNAs, and influence mitochondrial trafficking and
mitophagy (Figure 1.4). The pathways most consistently linked to ALS are RNA
metabolism, autophagy, and axonal and cytoskeletal transport; and ALS is associated
with mitochondrial dysfunction (Masrori and Van Damme, 2020; Carri ef al., 2017).
Indications of mitochondrial dysfunction including abnormal mitochondrial morphology
as well as impaired mitochondrial transport and mitophagy are linked with ALS,
occurring early in the progression of the disease in murine ALS models (Palomo and
Manfredi, 2015). Organelle transport defects are common in ALS, and impaired
mitochondrial transport broadly impacts mitochondrial function and mitochondrial
homeostasis (Dorn, 2019). Impaired autophagy and especially mitophagy contribute to

mitochondrial dysfunction in ALS (Kim ef al., 2013; Harper et al., 2018). Modelling ALS
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using the D42-Gal4;UAS- cluRNAi"*3° D. melanogaster model, then, could be used to
investigate the role of mitochondrial dysfunction in the pathology of this disease.
4.4 Ectopic Expression of clueless and CLUH in Dopaminergic and Motor Neurons
of Heterozygous clu®®7!3 Mutants

Heterozygous clueless mutants that express ectopic clueless or CLUH in
dopaminergic neurons do not have impaired mean lifespan or a more rapidly progressive
loss in climbing ability with age (Figures 3.5 and 3.6), and so do not have age-related
disease phenotypes as compared to control. Heterozygous clueless mutants that express
ectopic human CLUH in motor neurons do not have age-related disease phenotypes as
compared to controls, and heterozygous clueless mutants that express ectopic clueless do
not show a more rapidly progressive reduction in climbing ability with age (Figures 3.7
and 3.8). c/u?’®’!3 is an amorphic allele wherein homozygotes lack detectable Clueless
proteins, and adults have locomotor defects and lifespans of only three to seven days
(Cox and Spradling, 2009). Mitochondria in ovaries of 4-day old adult c/u®""3
homozygotes have swollen ultrastructure with extensive inner membrane vacuolization.
Mitochondria in ovaries of four-day old adult c/u?®”!3 heterozygotes, however, are
morphologically normal. Clueless protein is present in heterozygotes but levels are
reduced compared to wild-type. Levels of the mitochondrial proteins pyruvate
dehydrogenase and complex V-alpha were reduced in c/u?’%’* homozygotes but not
heterozygotes (measured at less than seven days following eclosion), compared to wild-
type levels. Ubiquitous expression of UAS-clu under the control of da-Gal4 in clu**’"
homozygotes restores lifespan to that of wild-type (Sen and Cox, 2016). Lack of age-

related disease in comparison to clu*; UAS-lacZ controls where UAS-clu and UAS-CLUH
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are expressed in dopaminergic and motor neurons is consistent with these data,
suggesting that altered Clueless levels do not impair lifespan as long as a threshold level
is maintained. Interestingly, heterozygous clueless mutants that express ectopic UAS-clu
in motor neurons do have a slight but significant 10% reduction in lifespan as compared
to clu”;UAS-lacZ;D42-Gal4 controls (Figure 3.7). This suggests that motor neurons may
be particularly sensitive to altered clueless expression, but verification through direct
measures of clueless expression is required before conclusions can be made. Follow-up
studies should examine lifespan and climbing ability across lifespan in c/u?’3’"3
heterozygotes not expressing UAS-associated clueless and CLUH transgenes, and the
effects of UAS-clu and UAS-CLUH expression in clu®®’!3 heterozygotes compared to
clu®13 heterozygous controls.
4.5 Early-Life Impairment of Locomotor Function

Inhibited expression of c/ueless under the control of TH-Gal4 causes initial
impairment in climbing ability (Figure 3.2). This indicates an role of Clueless in these
neurons in early life. c/ueless inhibition in motor neurons on expression of UAS-
cluRNAi"#"3% and UAS-cluRNAi*X1%8924 ynder the control of D42-Gal4 causes initial
impairments in climbing ability (Figure 3.4). Where clueless is inhibited specifically in
DA or motor neurons, initial climbing impairment suggests either that dysregulation of
Clueless impairs development of these neurons, or that dysregulation of Clueless causes
neurodegeneration that occurs at earlier than seven days of age. c/u?’*’’? heterozygotes
expressing UAS-clu under the control of either TH-Gal4 or D42-Gal4 also have impaired
initial climbing ability (Figures 3.6 and 3.8), suggesting that impaired locomotor function

in young individuals is a common consequence of altered clueless expression in DA and
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motor neurons. Initial climbing impairments on RNAi-mediated clueless suppression in
motor neurons are different in D42-Gal4,; UAS-cluRNAiXK1982¢ yersus D42-Gal4; UAS-
cluRNAi"#"3% individuals, where expression of UAS-cluRNAi*X!%5024 has a much more
drastic effect on initial climbing ability (Figure 3.8). Further investigation is required, but
it is possible that this RNAi is more efficacious in suppressing the expression of clueless,
leading to lower Clueless levels in vivo.

Locomotor defects in clueless mutant D. melanogaster have been previously
documented in recently eclosed adults (Cox and Spradling, 2009; Sen et al., 2015). This
may result from acute pressure on mitochondria occurring upon the switch to oxidative
phosphorylation at eclosion, or could alternatively result from a mitochondria-
independent role of Clueless and its homologues in development (Schatton and Rugarli,
2018). Developmental viability is unaffected in D. melanogaster clu’s’'? homozygotes,
though mitochondria are mislocalized in larval neuroblasts (Sen et al., 2013). Larval
mobility is impaired where clueless is inhibited either pan-neuronally or in muscles (Sen
etal. 2013; Z. Wang et al., 2016). Larval mobility is similarly impacted on inhibition of
clueless and inhibition of dgrasp, which mediates the export of the integrin subunit aPS2
from the endoplasmic reticulum, in D. melanogaster muscles (Wang et al., 2015). These
data suggest that a mitochondria-independent role of Clueless in development may cause
locomotor defects in early life on clueless inhibition. The cause of early-life locomotor
dysfunction on altered clueless expression could be investigated with larval locomotion
assays (Nichols et al., 2012): if larval locomotion is unimpaired, where locomotion in
young adult individuals is impaired, this would suggest a protective role of clueless

against the acute pressure on mitochondria that occurs on the switch to primary reliance
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on oxidative phosphorylation at eclosion (Schatton and Rugarli, 2018). Impaired larval
location, however, would provide evidence for a potentially mitochondria-independent
role of clueless in development.

Clueless binds to the developmental determinants atypical protein kinase C and
bazooka in D. melanogaster larvae, which act to determine polarity in asymmetric cell
division (Goh et al., 2013). Clueless does not bind to Lethal giant larva, another protein
involved in this process, but Clueless suppression in a lethal giant larva mutant
background rescues phenotypes of defective asymmetric division and tumorigenesis in D.
melanogaster larvae. Polarity is determined by the equilibrium of complexes formed by
these determinants, so altered protein binding on altered clueless expression could disrupt
the equilibrium and cause developmental abnormalities. c/ueless is highly expressed in
larval neuroblasts, though viability of mutants is unaffected and mutants have no
difference in neuroblast number compared to wild-type (Sen et al., 2013; Goh et al.,
2013). Clueless may have a role in localization of the integrin subunit aPS2 following
exit from the endoplasmic reticulum, as aPS2 fails to localize in clueless mutants (Wang
et al., 2015). As integrin subunits do not mislocalize in Marf and parkin mutants, and
treatment of clueless mutants with the chemical chaperones 4-phenylbutyric acid and
tauroursodeoxycholic acid rescue abnormal aPS2 localization but not mitochondrial
morphology defects, this role of Clueless may be independent of its role in mitochondrial
function. Therefore, Clueless and its homologues may have mitochondria-independent
functions including in neurodevelopment.

Experiments to assess climbing ability in D. melanogaster on altered clueless

expression were designed for the purpose of fitting the model described by Todd and
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Staveley (2004). This methodology is sensitive to differences in climbing ability across
lifespan, and a good fit of the model requires frequent measurements with age for each
genotype. These measurements do not necessarily need to occur at the same time points,
for example one experimental genotype may have been measured first at 10 days and
every week thereafter, and another group first measured at 11 days and every week
thereafter. To most accurately examine and compare the differences in climbing ability at
a certain time point, such as in early life, experimental individuals should be measured on
the same day. Follow-up experiments are required to verify the effects of altered clueless
expression on early-life climbing ability.
4.6 Transgene Expression

Expression of the transgenic constructs used (Tables 2.2 and 2.3) was not directly
assessed. Quantification of expression level through real-time PCR or western blotting is
required to verify interpretation of these results, and should be included in follow-up
studies. Expression of most of the constructs used has been characterized by other groups
(Yeh et al., 1995; Friggi-Grelin et al., 2003; Cox and Spradling 2009; Sen and Cox, 2015;
Brand and Perrimon, 1993). Notably, expression of human CLUH via UAS-CLUH in D.
melanogaster rescues phenotypes associated with clueless suppression; including the
mitochondrial clustering phenotypes and locomotor ability in c/u®®’!* homozygotes,
indicating a conserved functional role (Sen and Cox, 2015). Expression of the UAS-
cluelessRNAi transgenes have not been all experimentally evaluated. One research group
found that co-expression of UAS-cluRNAi"**13¢ and UAS-cluRNAi"**!3% results in no
detectable levels of Clueless protein in western blotting when staining for anti-Clueless

antibodies (Z. Wang et al., 2016). This indicates that at least one of these transgenes is
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acting to suppress clueless translation in cells. The reproducibility of observed phenotypic
lifespan effect on expression of sequence-verified UAS-cluelessRNAi transgenes (Figure
3.3) generated through different methods (Table 2.3) under the control of D42-Gal4
supports the inference that these transgenes are acting as expected to suppress clueless
expression in the presence of Gal4 (Dietzl et al., 2007). Expression of UAS-
cluRNAi*K193024 17 4S-cluRNAi"**13% and UAS-cluRNAi"#*'3¢ in motor neurons, however,
has very different effects on climbing ability across lifespan (Figure 3.4). This may be a
result of varying efficacy of clueless suppression, but without a direct measurement of
clueless expression this cannot be determined. If future studies find differences in
Clueless levels on expression of these UAS-cluelessRNAi transgenes, then this may
indicate a particular sensitivity of motor neurons to altered clueless expression and
suggest a role of Clueless in protection against age-related motor neuron degeneration
such as occurs in ALS. The climbing assay used here is sensitive to subtle phenotypes of
age-related neurodegeneration, and when accompanied by accurate expression data may
prove useful in elucidating subtle differences in gene expression which may influence the
progress of complex heterogenous neurodegenerative diseases (Todd and Staveley, 2004).
4.7 Clueless and Mitochondrial Function

This study did not include direct measures of the impact of altered clueless
expression on mitochondrial function. Impacts of altered clueless expression on
mitochondria in age-related disease could be assessed through microscopy techniques.
Morphological damage to mitochondria in c/u?®”!3 homozygotes that can be visualized
through electron microscopy includes vacuolization of the inner membranes and loss of

cristae structure. If RNAi-mediated inhibition of clueless expression in neuronal
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subpopulations such as motor neurons results in accumulation of damaged mitochondria
with age, then visualization of mitochondria in aged flies should show an increase in
morphologically abnormal mitochondria compared to age-matched controls. Alternative
behavioural assays may also be used to infer the role of mitochondrial function in age-
related disease (Mituzaite et al., 2021; see Appendix 5). The interaction of clueless with
mitochondria-associated proteins will also be informative of a role of clueless in
maintaining mitochondrial homeostasis across lifespan. Overexpression of the
mitochondrial fission protein DRP1 upregulates fission and mitophagy, and Drpl
overexpression ameliorates phenotypes in c/u?’®’!3 homozygotes (Yang et al., 2022). If
co-expression of a UAS-Drpl in motor neurons with a UAS-cluelessRNAi rescues
impaired lifespan, this would suggest that dysregulation of mitochondrial dynamics and
mitophagy contributes to the disease phenotype reported here. Similar experiments should
examine the effects of modulating the interaction of Clueless with ALS-associated VCP
and PD-associated PINK1 and Parkin on lifespan and climbing ability across lifespan.
4.8 Further Characterization of Clueless Function

The effects of enhanced expression of c/ueless in dopaminergic and motor
neurons on lifespan and climbing ability across lifespan may be informative as to the role
of clueless in ageing and disease. In D. melanogaster, Clueless particles form in response
to insulin treatment, and do not form where insulin signalling in disrupted in /R insulin
receptor mutants (Sheard et al., 2020). In mammalian cells, the mitochondrial clustering
phenotype on CLUH inhibition is rescued on treatment with the target of rapamycin
(TOR) inhibitor rapamycin (Pla-Martin et el., 2020). These granules stain positive for

mammalian target of rapamycin (mTOR), a signalling molecule in the nutrient-sensing
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TOR pathway (Tian et al., 2017). CLUH could negatively regulate TOR signalling by
causing mTOR to be sequestered within granules. clueless suppression causes
upregulation of proteins involved in stress response (Sen and Cox, 2022). Upregulation of
nutrient-sensing stress-response signals results in upregulation of stress-response
mechanisms including mitophagy and extends lifespan multiple species, including D.
melanogaster and mice (Pla-Martin et el., 2020; Sheard et al., 2020; Kenyon, 2010). It
may be informative to investigate the effects of c/ueless inhibition where these pathways
are upregulated, such as where insulin receptor is suppressed, on D. melanogaster
lifespan.
4.9 Sex Considerations

Only critical-class male D. melanogaster were collected and assayed in order to
avoid lifespan effects related to female fertility. D. melanogaster reach sexual maturity
within eight to twelve hours following eclosion. Reproductive behaviour shortens lifespan
of both male and female D. melanogaster (Partridge and Gems, 2007; Linford et al.,
2013). Female D. melanogaster, however, can store sperm for up to two weeks after
mating (Hales et al., 2015). To avoid biasing results with impacts of female fecundity on
organism health and longevity, collection of critical-class females needs to be carried out
frequently and carefully. Sex in D. melanogaster is determined by X-chromosome dosage
rather than the presence of a Y chromosome as in mammals, and findings of biomedical
research in D. melanogaster will ultimately need to be confirmed in mammals (Hales et
al., 2015; Partridge and Gems, 2007; Jennings, 2011). Virgin females have longer
lifespans than males, and so use of female D. melanogaster is potentially advantageous

for the study of adult-onset age-related neurodegenerative disease (Staats et al., 2018).
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Factors affecting lifespan in D. melanogaster may have sex-dependent effects, for
example the effects of ecdysone receptor sensitivity (Tricoire ef al., 2009). Both female
and male D. melanogaster lifespans are increased in ecdysone receptor heterozygous
mutants, but female lifespans are decreased on mild ubiquitous ecdysone receptor
suppression via expression of a UAS-associated ecdysone receptor RNAi (Simon et al.,
2003; Tricoire et al., 2009). Therefore, conclusions about the impact of experimental
treatments assessed in males cannot be assumed to impact females in the same way, and
future study of the role of clueless in D. melanogaster will benefit from the inclusion of
females.
4.10 Conclusion

A potential role of Clueless in stress-responsive regulation of mitochondrial
homeostasis is illustrated in Figure 1.4. clueless interacts with the PD- and ALS-
associates genes PINKI and Parkin (Sen et al., 2015). I report here that inhibited
expression of clueless in D. melanogaster DA and motor neurons causes locomotor
dysfunction in young individuals, and altered clueless expression in motor neurons causes
age-related neurodegenerative disease. RNAi-mediated clueless suppression in motor
neurons in D42-Gal4,;UAS- cluRNAi"*?3% D. melanogaster replicates key features of
ALS, and this model may be useful in investigating the role of altered mitochondrial
homeostasis in the pathology of this disease. As the roles of D. melanogaster Clueless
and mammalian CLUH are highly conserved, a detailed understanding generated through
further evaluation of the effects of altered expression of c/ueless on ageing and
neurodegeneration could provide insight into the role of CLUH in protection against age-

related neurodegenerative disease in humans.
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Appendix 1. Parameter estimates for modeled climbing ability across lifespan where
expression of clueless in Drosophila melanogaster dopaminergic neurons is inhibited.
Parameter estimates are for the model 5-Climbing Index=Ce*' weighted according to
number of individuals measured at each time point generated based upon climbing indices
calculated for TH-Gal4; UAS-cluRNAi **'%%% TH-Gal4; UAS-cluRNAi "*'%°, and TH-
Gal4;UAS-cluRNAi V"3 individuals, given as contrasts to TH-Gal4, UAS-lacZ controls.
Parameter estimates for TH-Gal4,; UAS-lacZ controls are C= -2.562844 (or, estimated 8.7
cm climbed at day 0) and K= 0.038014(or, estimated 3.8% decline in climbing ability per
day). Parameter estimates for TH-Gal4,; UAS-cluRNAi ¥%1%8924 individuals are C=-1.03039
(or, estimated 9.5 cm climbed at day 0) and K= 0.021408 (or, estimated 2.1 % decline in
climbing ability per day). Parameter estimates for TH-Gal4,; UAS-cluRNAi "#?136
individuals are C=-1.30491 (or, estimated 9.4 cm climbed at day 0) and K= 0.026197 (or,
estimated 2.6% decline in climbing ability per day). Parameter estimates for 7H-

Gal4; UAS-cluRNAi "#"3% individuals are C=-1.410895 (or, estimated 9.3 cm climbed at
day 0) and K= 0.026092 (or, estimated 2.6% decline in climbing ability per day).

Estimate Standard t value Pr(>|t))
Error

Intercept (TH-Gal4,; UAS-lacZ) -2.56284 0.31095 -8.242  4.02E-11
Day (TH-Gal4; UAS-lacZ) 0.038014 0.00351 10.82  3.92E-15
TH-Gal4; UAS-cluRNA;i KK108024 1.532454 0.34523 4439  4.50E-05
TH-Gal4;UAS-cluRNAi V#4130 1.257934 0.3446 3.65 0.00059
TH-Gal4;UAS-cluRNAi V138 1.151949 0.35165 3.276 0.00184
Day:TH-Gal4; UAS-cluRNAi ¥K108024_0.01661 0.00403 -4.126  0.00013
Day:TH-Gal4; UAS-cluRNAi '35 -0.01182 0.00396 -2.985  0.00426

Day:TH-Gal4; UAS-cluRNAi "% -0.01192 0.00404 -2.952 0.00466
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Appendix 2. Parameter estimates for modeled climbing ability across lifespan where
expression of clueless in Drosophila melanogaster motor neurons is inhibited.
Parameter estimates are for the model 5-Climbing Index=Ce*' weighted according to
number of individuals measured at each time point generated based upon climbing indices
calculated for D42-Gal4; UAS-cluRNAi *1%0% | D42-Gal4; UAS-cluRNAi "%, and D42-
Gal4;UAS-cluRNAi V"3 individuals, given as contrasts to D42-Gal4,;UAS-lacZ controls.
Parameter estimates for D42-Gal4, UAS-lacZ controls are C=-0.81552 (or, estimated 9.6
cm climbed at day 0) and K= 0.02611 (or, estimated 2.6% decline in climbing ability per
day). Parameter estimates for D42-Gal4,; UAS-cluRNAi 5193024 individuals are C=
0.937585 (or, estimated 9.5 cm climbed at day 0) and K= 0.003671 (or, estimated 3.6%
decline in climbing ability per day). Parameter estimates for D42-Gal4,; UAS-cluRNAi
V42136 individuals are C=-0.757976 (or, estimated 9.6 cm climbed at day 0) and K=
0.030641 (or, estimated 3.1% decline in climbing ability per day). Parameter estimates for
D42-Gal4;UAS-cluRNAi "#138 individuals are C=-0.215493 (or, estimated 9.9 cm
climbed at day 0) and K= 0.020138 (or, estimated 2% decline in climbing ability per day).

Estimate Stgr;rciarrd t value Pr(>|t))
Intercept (D42-Gal4; UAS-lacZ) -0.81552  0.16829 -4.85 7.31E-06
Day (D42-Gal4, UAS-lacZ) 0.02611  0.00273 9.575 2.35E-14
DA42-Gal4; UAS-cluRNAi KK108024 1.75311  0.18503 9.475 3.59E-14
D42-Gal4; UAS-cluRNAi "#?13¢ 0.05755  0.28046 0.205 0.83802
D42-Gal4; UAS-cluRNAi 7138 0.60003  0.21453 2.797 0.00666

Day:D42-Gal4,; UAS-cluRNAi *%19%8924 _0.02244  0.00338 -6.64 5.75E-09
Day:D42-Gal4,; UAS-cluRNAi V#2130 0.00454  0.00462 0.981 0.32997
Day:D42-Gal4, UAS-cluRNAi "%~ -.0.00597  0.00375 -1.59 0.11642
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Appendix 3. Parameter estimates for modeled climbing ability across lifespan where
clueless or CLUH are ectopically expressed in Drosophila melanogaster
dopaminergic neurons in heterozygous clu?’®’!3 mutants. Parameter estimates are for
the model 5-Climbing Index=CeX! weighted according to number of individuals measured
at each time point generated based upon climbing indices calculated for c/u®®’!3;clu*; TH-
Gal4;UAS-clu, and clu®® 5, clu*; TH-Gal4; UAS-CLUH individuals, given as contrasts to
clu”; TH-Gal4,;UAS-lacZ controls. Parameter estimates for clu’; TH-Gal4; UAS-lacZ
controls are C=-2.780738 (or, estimated 8.6 cm climbed at day 0) and K= 0.040247 (or,
estimated 4% decline in climbing ability per day). Parameter estimates for

@73 - cly™ - TH-Gal4; UAS-clu individuals are C=-1.999169 (or, estimated 9 cm
climbed at day 0) and K= 0.034328 (or, estimated 3.4% decline in climbing ability per
day). Parameter estimates for "3 cly” : TH-Gal4; UAS-CLUH individuals are C= -
2.175934 (or, estimated 8.9 cm climbed at day 0) and K= 0.034941 (or, estimated 3.5%
decline in climbing ability per day).

Estimate Standard tvalue  Pr(>t|)

Error
Intercept (clu”, TH-Gal4, UAS-lacZ) -2.78074 0.22599 -12.31  <2e-16
Day (clu"; TH-Gal4;UAS-lacZ) 0.040247 0.00274 14712 <2e-16
clu®7 . clu*; TH-Gal4,; UAS-clu 0.781569 0.26898 2.906 0.0047

clu®7B . clu*; TH-Gal4, UAS-CLUH 0.604804 029586  2.044  0.0442
Day:clu®""3;clu*; TH-Gal4,; UAS-clu -0.00592  0.00324  -1.825  0.0717
Day:clu®53 .clu*; TH-Gal4;UAS-CLUH ~ -0.00531  0.00369  -1.438  0.1542
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Appendix 4. Parameter estimates for modeled climbing ability across lifespan where
clueless or CLUH are ectopically expressed in Drosophila melanogaster motor
neurons in heterozygous clu?’%’3 mutants. Parameter estimates are for the model 5-
Climbing Index=CeX weighted according to number of individuals measured at each time
point generated based upon climbing indices calculated for clu®’%3:clu*;D42-Gal4; UAS-
clu, and clu®™8 clu* :D42-Gal4; UAS-CLUH individuals, given as contrasts to clu’;D42-
Gal4, UAS-lacZ controls. Parameter estimates for clu”;D42-Gal4, UAS-lacZ controls are
C=-1.245631 (or, estimated 9.4 cm climbed at day 0) and K= 0.028435 (or, estimated
2.8% decline in climbing ability per day). Parameter estimates for c/u?’3’"3:clu*;D42-
Gal4;UAS-clu individuals are C=-0.440233 (or, estimated 9.8 cm climbed at day 0) and
K=0.020301 (or, estimated 2% decline in climbing ability per day). Parameter estimates
for clu®™B clu*; TH-Gal4; UAS-CLUH individuals are C= -0.634774 (or, estimated 9.7
cm climbed at day 0) and K= 0.024188 (or, estimated 2.4% decline in climbing ability per

day).

Estimate Standard t value Pr(>t|)
Error
Intercept (clu”;D42-Gal4; UAS-lacZ) -1.24563  0.232873  -5.35 5.57e-06
Day (clu®;D42-Gal4;UAS-lacZ) 0.028435 0.003339  8.516 4.75e-10
clu®7B clu*;D42-Gal4, UAS-clu 0.805398 0.274576  2.933 0.00588

clu®371 cly* :D42-Gal4,; UAS-CLUH 0.610857 0.277758  2.199 0.03456
Day: clu®7 clu*;D42-Gal4; UAS-clu -0.00813  0.004046  -2.01 0.05216
Day: clu®";clu*;D42-Gal4;UAS-CLUH  -0.00425  0.00405  -1.05 0.30153
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Appendix 5. Bang Sensitivity Assay
AS.1 Introduction

Seizures are a feature of mitochondrial disease (Sen and Cox, 2017). Mutations in
Drosophila melanogaster mitochondrial genes, including in the nuclear-encoded
mitochondrial ribosome protein S12, cause increased susceptibility to mechanosensory-
induced seized seizures, known as “bang sensitivity”. Bang-sensitivity is a distinct
response where, upon stimulation, individuals 1) briefly seize, including repeat proboscis
extension and wing buzzing, 2) lay paralyzed for five seconds or more, 3) briefly seize
again, and finally 4) recover posture (Reynolds, 2018). Recovery time following induced
seizures is genotype-specific, increases with age, and is not predicted by adult or larval
locomotor ability (Reynolds, 2018; Mituzaite et al., 2021). A seizure-susceptibility assay
may be useful in elucidating the effect of altered expression of mitochondrial genes on
mitochondrial function across D. melanogaster. Here, | worked towards the development
of such an assay.
AS.2 Methods

Approximately 100 individuals of each experimental D. melanogaster genotype
were collected. Experimental D. melanogaster were transferred to fresh media every three
to four days throughout the duration of the assay, including between 30 minutes and one
day prior to measurement of climbing ability. Bang sensitivity was assessed within the
first two weeks following eclosion and every week thereafter until fewer than 10 total
individuals of each genotype remained. Any individuals that were injured or lost on
handling were excluded from analyses. Bang sensitivity was assessed during daylight

hours only, and experimental D. melanogaster were allowed at least 20 minutes to
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acclimate to room temperature of ~22°C prior to measurement. Experimental D.
melanogaster were than transferred into empty plastic vials and placed on a laboratory
vortexer set to maximum speed for 10 seconds. Following exposure to mechanical
stimulation, the number of individuals that had not yet to recovered posture was counted
every five seconds until 60 seconds had passed. Experimental D. melanogaster were
measured in groups of up to 15 individuals, until all individuals of each genotype were
scored.

Mean recovery time was calculated for each genotype at each time point
measured. Curve fitting was done according to the model Recovery Time = CeX!, where C
is the y-intercept, e is the mathematical constant e, K is the slope of the fitted curve, and t
is age in days. Diagnostic plots were visually analyzed to confirm that the assumptions of
the nonlinear regression were satisfied. Residual versus fitted, normal Q-Q, scale
location, and residual versus leverage plots were used to assess for normality,
heteroscedasticity, and for the presence of outliers. Recovery time across lifespan of
experimental genotypes were compared to climbing ability of controls assayed
concurrently. Fitted curves were compared within 95% confidence intervals to determine
differences in climbing ability across lifespan. The estimated slope parameter
representing change in climbing ability across lifespan was compared. All curve fitting
and parameter estimates were performed using R version 4.2.2.

AS.3 Results and Discussion

Average recovery time increased with age for all genotypes assessed (Figures

AS5.3.1, A5.3.3, and A5.3.5. However, data was not a good fit to the model (Figures

AS5.3.2, A5.3.4, and A5.3.6). Mortality across the assay was greater than expected

102



considering evaluated effects of expression the transgenic constructs on lifespan (Figures
3.3, 3.5, and 3.7). A low number of experimental individuals at later time points led to
low-confidence measurements of bang-sensitivity in aged D. melanogaster, where the
effects of altering expression of mitochondrial proteins linked to age-related disease
might be expected to have differing impacts. I assessed bang sensitivity weekly in the
same experimental individuals across over their lifespan. Reynolds ef al. (2018) report
that daily seizure induction does not exacerbate the bang-sensitivity phenotype. It is
possible, however, that repeat seizure induction through mechanical stimulation causes
accumulating health defects in D. melanogaster which may affect mortality. In follow-up
studies, I will assess experimental individuals collected from the same cohort only once,
at pre-determined timepoints across lifespan. For example, I may assess bang-sensitivity
in 50 control and individuals expressing UAS-cluelessRNAi in motor neurons at days 20,

40, 60, and 80.
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Figure A5.3.1 Bang-sensitivity across lifespan in heterozygous clueless mutants
expressing ectopic clueless but not CLUH in dopaminergic neurons. Mean recovery
from seizures induced by mechanical stimulation increases with age in clu”, TH-Gal, UAS-
lacZ, clu® 8 clu* ; TH-Gal4; UAS-clu, and clu?®’13:clu*; TH-Gal4; TH-Gal4; UAS-CLUH
individuals. Fit of the model evaluated in Figure A5.3.2. This figure was prepared using R
version 4.3.2 with the ggplot2 package (version 3.5.1; Wickham, 2016).
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Figure A5.3.2 Diagnostic plots to assess the fit of the model to describe bang-
sensitivity across lifespan in heterozygous clueless mutants expressing ectopic
clueless but not CLUH in dopaminergic neurons A) The residuals versus the fitted
values for the model. Non-linear shape indicates non-normal distribution. B) The
standardized residuals versus theoretical quantities for the model. Most points are along
the diagonal line, so the distribution appears to be normal. C) Square root of the
standardized residuals versus fitted values for the model. As residuals appear to be
randomly spread, the distribution appears to be within acceptable limits of
heteroscedasticity. D) Standardized residuals versus leverage for the model. All points are
within Cook’s distance lines, indicating that there are no outliers among the data. This
figure was prepared using R version 4.3.2.

105



254

204

Genotype

== D42-Gald;UAS-lacZ
== D42-Gal4;UAS-CIURNAKK108024
~~ D42-Gal4;UAS-CIURNA¥#2135
~o= D42-Gal4;UAS-CIuRNA#2138

Average Recovery Time (seconds)

20 40 60 80
Day

Figure A5.3.3 Bang-sensitivity across lifespan on inhibited expression of clueless in
motor neurons via RNAi. Mean recovery from seizures induced by mechanical
stimulation increases with age in D42-Gal; UAS-lacZ, D42-Gal4, UAS-cluRNAiKK108024
UAS- cluRNAi"#*"3¢, D42-Gal4;UAS-cluRNAi"#"3% individuals. Fit of the model evaluated
in Figure A5.3.4. This figure was prepared using R version 4.3.2 with the ggplot2
package (version 3.5.1; Wickham, 2016).
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Figure AS5.3.4 Diagnostic plots to assess the fit of the model to describe bang-
sensitivity across lifespan on inhibited expression of clueless in motor neurons. A)
The residuals versus the fitted values for the model. Data tapers as one end, indicating a
non-normal distribution. B) The standardized residuals versus theoretical quantities for
the model. Most points are along the diagonal line, so the distribution appears to be
normal. C) Square root of the standardized residuals versus fitted values for the model.
Residuals do not appear to be randomly spread, so the distribution is not within
acceptable limits of heteroscedasticity. D) Standardized residuals versus leverage for the
model. All points are within Cook’s distance lines, indicating that there are no outliers
among the data. This figure was prepared using R version 4.3.2.
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Figure A5.3.5 Bang-sensitivity across lifespan in heterozygous clueless mutants
expressing ectopic clueless but not CLUH in motor neurons. Mean recovery from
seizures induced by mechanical stimulation increases with age in clu”;D42-Gal; UAS-
lacZ, clu®373clu™ ;D42-Gal4; UAS-clu, and clu®®53;clu* ;D42-Gal4,; TH-Gal4,; UAS-
CLUH individuals. Fit of the model evaluated in Figure A5.3.6. This figure was prepared
using R version 4.3.2 with the ggplot2 package (version 3.5.1; Wickham, 2016).
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Figure A5.3.6 Diagnostic plots to assess the fit of the model to describe bang-
sensitivity across lifespan in heterozygous clueless mutants expressing ectopic
clueless but not CLUH in motor neurons. A) The residuals versus the fitted values for
the model. Non-linear shape indicates non-normal distribution. B) The standardized
residuals versus theoretical quantities for the model. Most points are along the diagonal
line, so the distribution appears to be normal. C) Square root of the standardized residuals
versus fitted values for the model. As residuals appear to be randomly spread, the
distribution appears to be within acceptable limits of heteroscedasticity. D) Standardized
residuals versus leverage for the model. All points are within Cook’s distance lines,
indicating that there are no outliers among the data. This figure was prepared using R
version 4.3.2.
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