
 
 

i 

 

AN ANALYSIS OF THE MITOCHONDRIAL FISSION FACTOR DRP1 ALONG WITH MITOCHONDRIAL 

PROTECTION GENES IN DROSOPHILA MODELS OF PARKINSON DISEASE 

 

by 

© AZRA HASAN B.Sc. M.Sc. 

 

A Thesis submitted to the 

School of Graduate Studies 

in partial fulfillment of the requirements for the degree of 

 

 

Doctor of Philosophy 

Department of Biology 

Memorial University of Newfoundland 

 

 

October 2021 

St. John's, Newfoundland and Labrador 

  



 
 

ii 

Abstract 

Parkinson disease (PD) is the second most common neurodegenerative disorder and is strongly 

associated with the accumulation of Lewy bodies and loss of dopaminergic (DA) neurons in the 

substantia nigra of brain. The pathophysiology includes bradykinesia, tremors, motor, autonomic 

and cognitive disorders. Mitochondrial dysfunction induced cellular stress and cell death is 

implicated as the cause of PD. Mitochondrial dysfunction causes unregulated mitochondrial 

dynamics (biogenesis to degradation), impaired metabolic functions, oxidative stress, loss of 

proteostasis and abnormal cell death. Drp1 is crucial in mitochondrial dynamics and other 

functions, including apoptosis and mitophagy. To analyze the implication of altering the protein 

which affects mitochondrial health, I altered the expression of mitochondrial fission gene, Drp1; 

the transcription regulator, Rbf; mitophagy regulators Pink1 and parkin, Bcl-2 family genes Buffy 

and Debcl, Insulin receptor signalling genes foxo and trbl and increased disease risk gene α-

synuclein; in DA neurons of Drosophila. I found that the altered expression of these key genes can 

have a beneficial, intermediate, and detrimental effect on the health of DA neurons as determined 

by lifespan and locomotor functions. Furthermore, I found that the overexpression and inhibition 

of Drp1, which encodes a mitochondrial fission protein, could suppress various PD like phenotypes 

in Drosophila.  
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Chapter 1: Introduction and Overview 
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1.1 Ageing and Parkinson disease  
Ageing is a complex biological process, commonly associated with a continuous decline in the 

ability of a cell, a tissue, or an organism to perform essential routine functions in an efficient 

manner. Theories of ageing suggest that the accumulation of molecules which have been damaged 

through the activities of reactive oxygen species (ROS) are primary cause of age-related decline 

(Harman 1991; Kirkwood and Kowald 2012; Sergiev et al. 2015). ROS production and the 

associated oxidative damage increase as organisms age (Lambert et al. 2007), while a reduced 

level of ROS production and oxidative damage can increase the organism's lifespan. Several cellular 

processes produce ROS; however, the electron transport chain (ETC) of mitochondria appears to 

be the leading site of the cellular production of ROS. (Murphy 2009). Consequently, the 

dysfunction of mitochondria is characterized by unregulated mitochondrial dynamics, including 

biogenesis and degradation of the organelle network, the loss of proteostasis, the impairment of 

metabolic function and the subsequent occurrence of abnormal cell death: all of which are 

hallmarks of ageing (Cui et al. 2012; Rottenberg and Hoek 2017). The association of ageing with 

Parkinson disease (PD) has been known for a long time, and ageing is considered a primary risk 

factor in developing PD and other neurodegenerative disorders (Sulzer 2007; Collier et al. 2011). 

Mitochondrial dysfunction plays a significant part in the onset of ageing and age-related 

neurodegenerative disorders. 

The etiology of PD is multifactorial and involves the interplay of several genes identified to cause 

neurodegenerative disease and various environmental factors. PD is known as a “disease of older 

people” because only 4% of the cases are diagnosed prior to 50 years of age. The majority of PD 

symptoms involve impaired motor function, which includes resting tremors, bradykinesia or 

akinesia, muscular rigidity, and impaired balance; the non-motor symptoms include anxiety, 
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depression, and cognitive and sleep disorders. The pathophysiology of PD is characterized by the 

substantial loss of dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) area 

of the human midbrain (Davie 2008; Lees et al. 2009), and presence of Lewy Bodies (LB) and Lewy 

neurites (LN) in the surviving neurons (Recasens and Dehay 2014). The LB and LN are comprised 

of the intracytoplasmic proteinaceous inclusions of abnormally phosphorylated α-synuclein, 

ubiquitin, and associated neurofilament proteins in nerve cells (Spillantini et al. 1997; Ghosh et al. 

2017). Genes identified for familial PD encode mitochondrial proteins (e.g., PINK1, DJ-1, 

Omi/HtrA2 and POLG), organelle trafficking and vesicular fusion proteins (e.g., α-synuclein, and 

tau), ubiquitination pathway proteins (e.g., parkin and DJ-1), and oxidative stress proteins (Sulzer 

2007). However, often cases of familial Parkinson have sporadic influences such as environmental 

factors which cause oxidative stress, mitochondrial dysfunction, and inflammation along with 

ageing (Calne and Langston 1983; Modi et al. 2016). These observations are supported by twin 

studies, which attempted to distinguish the risk associated with genetics and the environment in 

the onset of PD. (Domingo and Klein 2018; Balck et al. 2019). Further research will shed light on 

cause, diagnosis, and treatment of PD. 

 

1.2 Drosophila melanogaster: a model organism for research into PD and ageing 
Drosophila melanogaster is a versatile model organism that has been extensively used to study 

ageing and age-related disorders. The fundamental cellular pathways are highly conserved among 

all eukaryotes (Lander et al. 2001). As a model organism, Drosophila melanogaster provides 

several advantages due to its short lifespan, low maintenance, non-problematic breeding, and a 

large number of offspring. The neurodegeneration, mitochondrial protection, metabolic, and 

signalling pathways are evolutionarily conserved in Drosophila (Sun et al. 2013). Genetic 
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manipulation is easy, and mutant models of flies are readily available. The first report of a single 

gene mutation that extended the lifespan of an organism was the insulin signalling pathway (IGF-

1) originally in worms and subsequently in flies and mouse models (Kimura et al. 1997; Tatar et al. 

2001; Holzenberger et al. 2003). Drosophila have orthologous genes and a conserved IGF-1 

pathway. The complex central nervous system of flies with neurons, glia cells, and protection of 

the blood-brain barrier is an asset to study neurons and neurodegenerative disorders (Cajal and 

Sanchez 1915; Sanes and Zipursky 2010). A confirmed neurodegenerative phenotype was 

observed in flies about a half-century ago: the brains of drop-dead (drd) mutants were determined 

to undergo an evident degeneration and had a shorter lifespan (Benzer 1971). The first PD model 

was established in flies by expressing the human α-synuclein gene in selective sets of neurons, 

which deteriorated the fly neurons in 20 to 30 days. The molecular analysis showed LB-like 

inclusions made by denatured cellular proteins (Feany and Bender 2000). Drosophila 

melanogaster has an orthologue for many of the genes being studied for ageing, and 

neurodegenerative disorders (Feany and Bender 2000). Flies provide a simple yet evolutionary-

conserved model to study the array of fundamental processes inclusive in ageing and 

neurodegenerative disorders. 

 

1.3 Molecular mechanism of ageing 

The molecular hallmarks of ageing are genomic instability, telomerase attrition, epigenetic 

alteration, proteostasis loss, unregulated nutrient sensing, mitochondrial dysfunction, stem cell 

exhaustion, cellular senescence, and altered intercellular communication (López-Otín et al. 2013). 

These hallmarks are not due to individual malfunctioning mechanisms but due to the impairments 
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in multiple pathways. The various cellular pathways interact with each other like a web and 

contribute to the function and dysfunction of cells (Kowald and Kirkwood 1996). A lot of these 

pathways affect mitochondrial functioning, and mitochondrial dysfunction decreases their 

efficiency (López-Otín et al. 2013; Nicolson 2014). Ageing has been associated with mitochondrial 

dysfunction ranging from its biogenesis, recycling, mitophagy, dynamics, Unfolded Protein 

Response mitochondria (UPRmt), and mitochondrial DNA (mtDNA) mutation (Chistiakov et al. 

2014; Diot et al. 2016; Shpilka and Haynes 2018). The molecular mechanism of ageing is complex 

and cannot be defined in one pathway, but the cumulative decline in the efficiency of cellular 

pathways and mitochondrial health has a significant role. 

1.3.1 Theories of ageing 

Broadly, there are two main categories of theories employed to explain the process of ageing: the 

first theorizes ageing because of the “wear and tear” on the cells, which accumulate over time and 

lose efficiency to repair themselves, leading to the accumulation of damage; the second postulates 

that ageing is a pre-programmed progression directed by inheritance and organismal DNA (Longo 

et al. 2005; Sergiev et al. 2015). The “wear and tear” theory proposes that the efficiency of a cell 

to perform functions decreases due to errors and damages accumulated over time. In 1954, Dr. 

Denham Harman outlined the free radical theory of ageing, which proposed oxidative damage of 

the macromolecules due to ROS as the cause of ageing (Harman 1991). Later accumulation of 

cross-linking protein has been identified in damaged cells, and further experimental evidence 

confirmed the role of cross-linking proteins in age-related changes (Bjorksten and Tenhu 1990). 

All the developments in the wear and tear theory unravel one of the possible mechanisms of 

ageing. The pre-programmed theory of ageing proposes a pre-programmed switch on and off 
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different genes as biological clocks progress. (Davidovic et al. 2010). Recent studies show that 

hormones regulate biological clocks through evolutionarily conserved pathways (van Heemst 

2010; Diamanti-Kandarakis et al. 2017). Abundant studies show that the efficiency of the immune 

system peaks at puberty and declines with age (Fulop et al. 2014). This theory is categorized as a 

programmed theory of ageing, but continued research is required as the decreased efficiency of 

the immune system could be due to the accumulated wear and tear. The acceptance of the former 

theory is more than the latter (Jin 2010). A Genome-Wide Associate Studies (GWAS) of 

nonagenarians found a similar number of disease risk alleles of diabetes, cancer and cardiovascular 

disease as young controls (Beekman et al. 2010). One possibility is that the long-lived individuals 

have a much more efficient set of protective genes which contribute to the cellular defence 

mechanisms to counteract cellular stresses such as forkhead box O (foxo) (Broer et al. 2015; 

Martins et al. 2016). The combination of the two theories better explains the experimental 

evidence of ageing. 

 

1.3.2 Historical molecular models of ageing 
The first pathway that was found to influence ageing and doubled C. elegans lifespan is part of the 

IGFs signalling pathway. The lower IGF-1 signalling in IGF-1 knockouts and variants has been 

associated with longevity in mice models and humans (Holzenberger et al. 2003; Yuan et al. 2009; 

Tazearslan et al. 2012). Similarly, inhibition of TOR signalling increases the lifespan of both simple 

and complex eukaryotes (Jia et al. 2004; Harrison et al. 2009). TOR signalling regulates the 

metabolism and growth of cells in response to environmental cues such as calorie restriction. The 

IGF-1 and TOR signalling are district pathways in C. elegans but share common intermediates in 

complex eukaryotes (Balasubramanian and Longo 2016). Both pathways alter cellular resistance 
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towards different stresses. The dietary restriction increases mitochondrial respiration, inhibits 

different cellular pathways such as IGF-1 and mTOR, and increases lifespan. (Zid et al. 2009; Kapahi 

et al. 2017). Inhibition of respiration is another way to attain longevity in eukaryotes, contrary to 

the fact that respiration promotes longevity during calorie restriction (Copeland et al. 2009). 

Perhaps the longevity attained in these diverse situations is the result of two separate pathways. 

 

1.4 Molecular mechanism of PD and neurodegenerative disease. 
Pathologically, PD is characterized by degradation of DA neurons in SNpc and accumulation of LB 

and LN in nearby neurons (Davie 2008; Lees et al. 2009; Recasens and Dehay 2014). The LB and 

LN are the protein aggregates of malfunctioned neuronal proteins, mainly α-synuclein. The α-

synuclein protein has a mitochondrial targeting signal and is found associated with complex1 in 

PD brain; when overexpressed, α-synuclein increases ROS production and reduces complex I 

efficiency (Devi et al. 2008). Additionally, the expression of α-synuclein in neurons causes 

mitochondrial fragmentation which leads to respiratory decline and cell death (Nakamura et al. 

2011). Different forms of PD have been found to overexpress α-synuclein. The regulators of 

mitophagy Pink1 and parkin, loss of function also causes the parkinsonian phenotype (Cookson 

2012). The Pink1 and parkin protein function is the same pathways and one can rescue others 

inhibition phenotype (Pickrell and Youle 2015). The loss of Pink1 and parkin can be rescued by 

mitochondrial fusion gene expression or mitochondrial fission gene knockdown in human SH-SY5Y 

cells (Kathrin Lutz et al. 2009). The cause of PD highlights the loss of DA neurons due to oxidative 

stress caused by dysfunctional pathways such as accumulation of misfolded protein, dysfunctional 

protein clearance pathway, mitochondrial dysfunction, neuroinflammation, or genetic mutation.  
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1.4.1 Theories of PD  
Multiple theories have been proposed for the cause or onset of PD. The onset of PD is dependent 

on multiple factors: genetics, lifestyle, and environment (Obeso et al. 2010; Kalia and Lang 2015; 

Collier et al. 2017). The mutation in α-synuclein, Parkin, Pink1, LRRK2 (Leucine-rich repeat kinase 

2), and DJ-1 genes have been associated with PD. The mutation and multiplication of α-synuclein 

gene leads to the formation of α-synuclein aggregates or fibrils, which interfere with the 

intracellular function (Kalia et al. 2013). Earlier theories focused on the correlation of ageing and 

PD and used ageing theories like free radical and neuromelanin to explain the onset of PD 

(Langston 1989). A similar theory proposed that environmental toxins damage the SNpc and cause 

loss of DA neurons (Langston 1989). Recently PD has been proposed to be a prion-like disease; the 

intracerebral injection of preformed α-synuclein fibrils or brain homogenate of mice expressing 

mutant α-synuclein triggered the clinical signs of early onset of PD (Luk et al. 2012; Mougenot et 

al. 2012; Walsh and Selkoe 2016). In 2003, Braak et al. proposed ascending and spreading disease 

theory for sporadic PD. Braak proposed an unknown pathogen causes PD, and once microbial 

molecules come in contact with enteric neurons, it triggers the aggregation of α-synuclein. The α-

synuclein aggregates spread from peripheral nervous system towards the central nervous system 

(Braak et al. 2003). Various studies defy the idea of ascending gradient theory because some 

studies found that the α-synuclein accumulation is more prevalent in the spinal cord than the 

vagus nerve and gastro-intestinal tract (Kalaitzakis et al. 2008; Beach et al. 2010); and the 

degeneration of SNpc in the absence of LB and Lewy pathology presence in the vagal nucleus 

(Wakabayashi et al. 1999). Keeping this in mind, a threshold theory has come which proposed 

parallel degeneration of both the Central nervous system and peripheral nervous system 



 
 

9 

(Engelender and Isacson 2017). Experimental models and theories bring us closer to understand 

PD pathology. 

1.4.2 Historical molecular models of PD. 
PD is a neurodegenerative disease. Therefore, the molecular models of PD were primarily focused 

on the degeneration of DA neurons by different neurotoxins or genetic mutations. The 6-OHDA 

(6-hydroxydopamine or 2,4,5-trihydroxyphenethylamine) is a neurotoxin is a organic compound 

that is found to accumulate in patients suffering from PD. Exposure to neurotoxin is analogue to 

oxidative stress and respiratory inhibition (Schober 2004). Another neurotoxin was discovered 

accidentally when people ingested MPTP due to contamination in MPPP (Desmethylprodine). The 

people who accidentally ingested MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) 

developed symptoms similar to PD (Langston et al. 1983). Agricultural pesticides and herbicides 

have been reported to increase PD risk in the exposed population. (Kamel 2013; Tinakoua et al. 

2015). Exposure to these neurotoxins imitates the pathophysiology of PD. 

The genetic mutations identified in familial PD is used to model the disease phenotype. The SNCA 

(α-synuclein) was the first mutant gene identified to be associated with PD, and the α- synuclein 

protein is an essential component of the LB aggregates (Spillantini et al. 1997; Polymeropoulos et 

al. 1997). A number of PD models, complete with distinctive PD pathophysiology, have been 

produced with loss-of-function or overexpressed versions of the α-synuclein gene (Magen and 

Chesselet 2010; Javed et al. 2016). The mutation in genes that encode the mitochondrial-

associated proteins Pink1, Park, DJ-1 and Omi/HtrA2 in eukaryotic models produce phenotypes 

that mimic aspects of the disease (Sulzer 2007). Although the LRRK2 gene is altered in some 

familial forms of PD, only a few transgenic models successfully replicated PD (Niu et al. 2012; Blesa 
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and Przedborski 2014). Few models listed here, and numerous other PD models have been 

developed over time by altering different cellular pathways to study PD. 

 

1.5 Factors affects ageing and neurodegenerative disease. 
The molecular mechanisms and signal transduction pathways responsible for many aspects of 

ageing and neurodegenerative disease are quite diverse. Mitochondrial dysfunction, loss of 

proteostasis, calcium homeostasis, oxidative stress, DNA damage, unregulated nutrient sensing, 

inefficient autophagy, and apoptosis appear to be responsible for the comprehensive causes of 

ageing. 

 

1.5.1 Mitochondrial dysfunction 
Mitochondrial function has been studied extensively during the past few decades due to a clear 

relationship with ageing and age-related diseases. The mitochondrion is commonly known as the 

“powerhouse of the cell” as the prime site for aerobic respiration. The inner mitochondrial 

membrane (IMM) has an ETC comprised of four complexes: Complex I (NADH dehydrogenase), 

Complex II (succinate dehydrogenase); Complex III (cytochrome bc1 complex) and Complex IV 

(Cyt-c oxidase). These complexes reduce and oxidize simultaneously to transport electrons; these 

reactions are coupled with proton transfer across the membrane, thus creating an electrochemical 

proton gradient that drives ATP production. Mitochondria are vital in various cellular processes, 

other than ATP production; mitochondria sequester Ca2+ ions to keep the proper concentration of 

Ca2+ ions in the cytoplasm (Babcock and Hille 1998; Contreras et al. 2010); the production sites of 

many steroid hormones such as testosterone, estrogen, progesterone, and cortisol (Miller 2013). 

Mitochondria have a crucial role in producing the heme part of hemoglobin (O2 and CO2 carrier) 
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(Medlock et al. 2015); are essential regulator of programmed cell death, primarily intrinsic 

apoptosis (Green and Reed 1998; Wang and Youle 2009); required for signalling through ROS (Sena 

and Chandel 2012). Mitochondrial phosphatases and kinases regulate metabolism (McBride et al. 

2006); active role in innate and adaptive immune response (Mills et al. 2017); and liver 

mitochondria have an enzyme that detoxifies ammonia (Esposti et al. 2012). In addition to being 

the powerhouses, mitochondria have a vital role in numerous cellular processes, specifically 

pathways responsible for cell death and cell survival. 

 

1.5.1.1 Intrinsic Apoptosis 
Apoptosis, or programmed cell death, is critical for normal cellular function to eliminate infected, 

damaged, or unwanted cells. Apoptosis is characterized by cell shrinkage, membrane budding, 

chromatin aggregation, nuclear fragmentation, loss of plasma membrane integrity, caspase 

activation, and apoptotic body formation (He et al. 2009). Apoptosis is vital for development, such 

as the formation of digits; defence mechanism against inflammation and cancerous cells; and 

senescence or ageing (Scheffler 2008). The signal that initiates the apoptotic cascade can be of 

two different types, extrinsic signals received on cell surface receptors, such as Fas or TNF 

receptors, and intrinsic non-receptor mediated signals received internally, such as damaged DNA 

or chromosome rearrangement. Intrinsic and extrinsic pathways share common intermediates, 

and either may influence one another (Igney and Krammer 2002). The mitochondria primarily 

regulate cell-autonomous or intrinsic apoptosis (Parsons and Green 2010). Caspases are enzymatic 

proteases that have an essential role in apoptosis. The caspases are constitutively expressed at a 

basal level as pro-caspases, activated once cleaved at specific aspartate residue (Parsons and 

Green 2010). The proteolytic cleavage occurs as a cascade of reactions to activate all pro-caspases 
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before they assemble into active proteases. The ced9 mutation in C. elegans led to the 

characterization of the homologue the Bcl-2 (B-cell lymphoma-2) proto-oncogene (Hengartner & 

Horvitz, 1994). The caspases are activated by a Bcl-2 protein family, which can initiate or inhibit 

mitochondrial apoptotic progression. The whole family of a Bcl-2 genes are localized to the outer 

mitochondrial membrane (OMM) and cytoplasm (Hengartner and Robert Horvitz 1994). Bcl-2 

family members are broadly classified as either pro-apoptotic such as Bcl-2, Bcl-xl, Mcl-k or anti-

apoptotic such as Bad, Bak, Nix, Binp3 or Bax proteins depending on their function. To initiate 

apoptosis, Bax and Bak, the pro-apoptotic members of the Bcl-2 family, mediate mitochondrial 

outer membrane permeabilization (MOMP) (Hardwick and Soane 2013). The MOMP releases 

inter-mitochondrial space proteins such as Cyt-c, apoptosis-inducing factor (AIF), and 

endonuclease G, and increases the production of ROS (Galluzzi et al. 2012). The Cyt-c and Apaf 

activate caspase 9, which, in turn, initiates the apoptotic cascade to activate executioner caspases 

(Galluzzi et al. 2012). Cells are equipped with various mechanisms to establish homeostasis; 

however, if the damage is irreversible, intrinsic apoptosis is initiated to favour organismal survival. 

Bcl-2 family protein in intrinsic apoptosis. 
The signal required for the activation of caspases comes from the presence of Cyt-c, a protein 

present in the mitochondrial intermembrane space (IMS). In the cytosol, Cyt-c interacts with Apaf-

1 to form a multimeric protein complex known as the “apoptosome” in the presence of ATP. The 

apoptosome acts to cleave the initiator pro-caspase, start the cascade of caspase activation and 

activating the executioner caspases 3 and 7 (Parsons and Green 2010).  The Cyt-c independent 

pathway of apoptosis involves proteins mitochondrial IMS proteins such as Apoptosis-inducing 

factor (AIF) and endonuclease G. The release of Cyt-c by MOMP can occur by various mechanisms 

such as mitochondrial permeability transition pore (PTP) or Bcl-2 family protein assisted MOMP 
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(Gogvadze et al. 2006). Stress activates pro-apoptotic Bcl-2 family members such as Bax or Bak 

and forms the ion channel in the isolated mitochondrial outer membrane in vitro (Schlesinger et 

al. 1997). Before the monomeric Bax or Bak’s oligomeric assembly, they are activated by either 

protein modification or Bid, another pro-apoptotic Bcl-2 family protein. The permeabilization of a 

mitochondrial outer membrane with the help of Bcl-2 family proteins releases IMS proteins such 

as Cyt-c and AIF into the cytosol (Green and Kroemer 2004). Bcl-2 family proteins plays central role 

in the progression of intrinsic apoptosis by MOMP. 
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Figure 1.1 Intrinsic Pathway of Apoptosis. Mitochondria plays a central role in the intrinsic and 
extrinsic pathways of apoptosis. The formation of MOMP in OMM by the oligomerization of pro-
apoptotic Bcl-2 family gene or PTP cause the release of inter mitochondrial membrane protein 
such as Cyt-c and AIF and triggers apoptosis. (This Figure is generated by author using Adobe 
Illustrator CS6) 
 
1.5.1.3 Mitophagy – Pink and parkin. 
Mitophagy alleviates the effect of dysfunctional mitochondria on the whole mitochondrial 

network and promotes cell survival. Autophagy is active consistently at a basal level to regulate 

the turnover of long-lived proteins and organelles. Recent studies have demonstrated a 

correlation between the process of mitophagy, ageing, and several age-related diseases 
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(Chistiakov et al. 2014). The role of cytosolic E3 ubiquitin ligase Parkin in the degradation of 

defective mitochondria has shed on its role in PD. The PTEN-induced putative kinase1 

(Pink1)/Parkin pathway functions in the regulation of mitophagy (Bingol and Sheng 2016). In 

healthy mitochondria, Pink1 is imported, and its N-terminal mitochondrial signal sequence is 

cleaved and degraded by mitochondrial proteases. Successful Pink1 import signifies mitochondrial 

health. In unhealthy mitochondria, the Pink1 import fails, and protein starts to accumulate at the 

mitochondrial surface. Experimentally Pink1 accumulation on the surface can be triggered by 

mitochondrial depolarization, overexpression of misfolded mitochondrial proteins, or PINK1 

overexpression. Accumulated Pink1 autophosphorylate and dimerize to activate its 

serine/threonine kinase activity (Okatsu et al. 2013; Aerts et al. 2015). The activated Pink1 

phosphorylates ubiquitin, which then acts to recruit the Parkin (Koyano et al. 2014). Parkin 

performs the ubiquitination of OMM proteins and signals autophagosome assembly (Bingol and 

Sheng 2016). This implies that any disturbance in the Pink1/Parkin pathway affects mitochondrial 

quality and function.  

The nucleation of the phagophore (Figure 1.2) starts with the assembly of Beclin-1, vacuolar 

sorting protein 34 (VPS34), and VPS15 protein (Kubli and Gustafsson 2012). Beclin1 and Ambra1 

(Autophagy and Beclin 1 Regulator 1) are released from a close association of Bcl-2 family 

members proteins. Ambra1 activates the Beclin1-VPS34-VPS15 complex to allow the formation of 

the phagophore. Expansion of the phagophore is mediated by the ATG-12-ATG5-ATG16 and LC3 

complex until the phagophore complex encircles the mitochondria. The mature autophagosome 

fuses with the lysosome to degrade the organelle or protein cargo. Loss of function of Parkin and 

Pink1 imitates the PD phenotype (Kawajiri et al. 2011 Rana et al. 2013; Githure and Staveley 
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2017d). Other than basal mitochondrial turnover, mitophagy is required under certain 

physiological (maturation of erythrocytes) or stress response (to eliminate damaged 

mitochondria) situations. There is enough evidence to show that increased autophagy delays 

ageing in flies and mammals by the mTOR pathway, as described earlier (Wu et al. 2013; Ulgherait 

et al. 2014). The rate of mitophagy markedly decreases by approximately 70% with age in mice 

(Sun et al. 2015). Moreover, Pink1 and parkin facilitate the Drp1 mediated mitochondrial fission 

prior to mitophagy. The parkin-mediated mitochondrial fission is partly independent of Pink1 and 

dependent on Drp1 phosphorylation (Buhlman et al. 2014). The autophagy of mitochondria or 

mitophagy is a cellular process that promotes the turnover of mitochondria. 
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Figure 1.2 Autophagy of Mitochondria. Mitophagy is activated at the basal level in healthy cells, it 
can be ubiquitin-dependent or independent. The Pink1 and parkin proteins play central role in 
mitophagy regulation. (This Figure is generated by author using Adobe Illustrator CS6) 
 



 
 

18 

1.5.1.4 Mitochondrial dynamics Drp1 

The regulation and maintenance of mitochondrial dynamics are important for maximizing 

mitochondrial function and health. Drp1 (Dynamin-related protein 1), a nuclear coded fission 

protein, which polymerises and forms a spiral structure around the outer membrane of 

mitochondrial tubule and utilises a GTPase activity to aid in the contraction and fragmentation of 

the mitochondrial tubules (Ingerman et al. 2005; Mears et al. 2011). The process of fusion is 

achieved by the activity of the mitofusin protein’s position at the OMM with the help of SNARE 

proteins (Koshiba et al. 2004). The OPA1 mediates IMM fusion by a GTPase activity sequentially 

after OMM fusion (Song et al. 2009). The mitochondrial membrane potential partly regulates the 

fission and fusion of mitochondria. High membrane potential can promote fusion, while a low 

membrane potential acts to obstruct fusion (Twig et al. 2008). The mitochondrial fission and fusion 

are induced under very different circumstances.  

Mitochondrial fission and fusion are regulated by a combination of factors and signal transduction 

pathways. The Bcl-2 family protein, Bax, present in cytosol, positively regulates mitochondrial 

fusion through interaction with MFN2 (Hoppins et al. 2011). Bax recruits the Drp1 protein to the 

OMM to promote mitochondria fragmentation in response to apoptotic stimuli (Frank et al. 2001; 

Wu et al. 2011). Bax has been found to co-localize with MFN2 and Drp1 on the OMM during the 

initiation of apoptosis (Karbowski et al. 2002). Bax does not act alone to induce Drp1 in the 

initiation of mitochondrial fragmentation, as Pink1 and parkin participate in the recruitment of 

Drp1 during mitophagy (Buhlman et al. 2014). Mitochondrial fission induced in response of UV 

irradiation may instigate apoptosis by recruiting Drp1. (Zhang et al. 2016). The role of Drp1 is 

important in one of the many of the processes that initiate apoptosis and the release of Cyt-c from 
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IMS (Clerc et al. 2014). Decreased mitochondrial fission leads to ageing due to the accumulation 

of damages in mitochondrial network (Lee et al. 2007). However, increased expression of Drp1 

increases the ROS levels in mitochondria (Nagdas and Kashatus 2017). The overall influence of 

mitochondrial dynamics on cellular processes varies greatly.  

 

1.5.1.4 Electron Transport Chain and Reactive Oxygen Species 
ROS is a term used to collectively refer to the oxygen radicals, highly reactive oxygen containing 

molecules that possess unpaired electrons (Halliwell’ and Cross 1994). ROS production ranges 

from 0.1 to 4% of the consumed oxygen in cell (Trifunovic and Larsson 2008). According to Denham 

Harman, free radical theory of ageing, ROS may cause oxidative damage, especially in 

mitochondria, and aid cell death (Kirkwood and Kowald 2012). Mitochondria have at least eleven 

sites where ROS production may occur, each with the distinct capacity to result in “electron 

leaking” (Wong et al. 2017). Both Complex I and Complex III of the ETC are subject to large changes 

in potential energy of electrons that may be lost to oxygen or H2O2 during the process of electron 

transfer. Coenzyme Q, which serves as an electron carrier from Complex I and II to Complex III, 

seems to play a primary role in the loss of electrons from the ETC (Raha et al. 2000; Muller et al. 

2004; Hirst et al. 2008). Cells have ROS detoxifying enzymes such as SOD1, SOD2, monoamine 

oxidase, glutathione peroxidase, and catalase to minimise the damage (Andreyev et al. 2005; 

Bułdak et al. 2014; Edmondson 2014). Although cells have a number of approaches to minimise 

oxidative damage, oxidative stress can supersede the detoxifying capacity of cells to result in 

cellular damage.  

The unstable nature of ROS may create changes to nearby molecules. Specially ROS can cause 

damage to mitochondrial DNA, lipids, proteins, and other macromolecules in mitochondria 
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primarily due to the proximity of these molecules to the mitochondrial site of origin (Wiseman and 

Halliwell 1996; Santos et al. 2018). Experimental evidence suggests that the reduction of negative 

influence upon cells through reduced ROS levels may be beneficial in the extension of the lifespan 

of the organism (Lambert et al. 2007; Cochemé et al. 2011). However, in a case of mito-hormesis, 

low levels of ROS result in beneficial effects, such as an increase in lifespan, and functions as a 

signalling molecule (Sena and Chandel 2012; Ristow and Schmeisser 2014). Hormesis is a biphasic 

response by the cell or organism to a substance or condition. It is characterized by a beneficial 

effect at low dosages and a toxic or inhibitory outcome at higher levels. Studies have shown that 

the scavenging of ROS during differentiation may retard the developmental processes, while an 

increase in the production of ROS may improve the developmental process (Owusu-Ansah and 

Banerjee 2009). The presence of ROS in the mitochondria seems to be a requirement in the 

activation of autophagy (Scherz-Shouval et al. 2007). The ROS cannot be labelled toxic since it is 

crucial in carrying out housekeeping steps like autophagy and apoptosis. 
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Figure 1.3 Mitochondrial reactive oxygen species production. Complex I and Complex III of ETC are 
prime producers of ROS in a cell. Lower amount of ROS helps metabolic adaptation, autophagy 
and differentiation, higher levels damage DNA, proteins and lipids. (This Figure is generated by 
author using Adobe Illustrator CS6) 
 
1.5.1.5 Mitochondrial DNA 
Mitochondrial DNA is highly polymorphic or heteroplasmic because mtDNA experiences various 

challenges, including alkylation, hydrolysis, formation of adducts, mismatched bases, DNA strand 

breaks, and oxidative damage (Alexeyev et al. 2013). The polymorphism of mtDNA is not always 

silent, and once the damage reaches a threshold level, the effect may produce apparent changes 

to the function of a cell. Notably, the integrity of mtDNA can exert an important influence upon 

neurodegenerative diseases and ageing (Trifunovic 2006; Reeve et al. 2008). Mutation in mtDNA 

accumulates over time and, in mice, the amount of mutation in the mtDNA correlates with 

advanced age (Trifunovic et al. 2004). The mutations and deletions are found in the mitochondrial 

ATP synthase, rRNA, tRNA, and ETC genes in the tissue of aged humans, rats, and rhesus monkeys 
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(Bua et al. 2006). The mtDNA mutations represent the clonal expansion of a primary mutational 

event that led toward impairment of mitochondrial functions (Fayet et al. 2002). Mitochondria 

evade the distress caused by mutant mtDNA by various maintenance processes, including 

mitochondrial biogenesis, mtDNA repair, and mitochondrial dynamics. The UPRmt is another 

stress response towards damaged mitochondrial genome (Martinus et al. 1996; Yoneda et al. 

2004). The repair efficiency of DNA declines with age, such that it is 80% lower in 30-month-old 

rats when compared to 17-day old embryonic rats (Druzhyna et al. 2008). The SNpc neurons show 

a high level of mtDNA mutation, which contributes to the neuronal loss observed in PD (Bender et 

al. 2006). MtDNA can be explored as a diagnostic measure for ageing and PD. 

1.5.3 Calcium homeostasis. 
Calcium signalling is triggered by the uptake of calcium ions or their release from the Smooth 

Endoplasmic Reticulum (SER). Calcium is one of the most abundant elements in cells and upon 

various stimuli released in the cytosol through 1,4,5-triphosphate (IP3R) and ryanodine receptors 

(RyR) Ca2+ channels (Berridge et al. 2003). Calcium takes part in cellular signalling functions like 

nerve impulse transmission, blood clotting, muscle contraction, proliferation, cell migration, 

hormone secretion, and transcription (Berridge et al. 2003). The precise control of calcium 

concentration is of utmost importance as high intracellular calcium concentrations can signal to 

initiate cell death pathways (Krebs 1998). The mitochondria-associated membranes (MAMs) or 

ER-mitochondria encounter structures (ERMES) are important in calcium transport and signalling 

between the ER and the mitochondria (Morciano et al. 2018). These regions have high calcium 

concentrations in cytosol and are impaired in many neurodegenerative diseases (Krebs et al. 

2015). Mitochondria undergo PTP formation when exposed to high in vitro levels of calcium 

(Bernardi and Rasola 2007). The Krebs cycle enzymes, ATP/ADP exchange, apoptosis, and 
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autophagy are activated in response to elevated calcium concentrations in the mitochondrial 

matrix (Morciano et al. 2018).  The ER and mitochondria protect cells from harmful cytosolic 

calcium concentration and help in maintaining homeostasis. 

The dysregulation of calcium concentrations in various organelles contributes to ageing and 

neurodegenerative disease. The influx of calcium increases with age, and the buffering system is 

overwhelmed during sustained levels of calcium within ageing neurons and results in cognitive 

deficits (Oh et al. 2013). The mitochondrial calcium concentration is disturbed in the DA neuron 

of the PD model (Pink1 and LRRK2 loss of function). The high Ca2+ levels cause mitochondrial 

enlargement and neuronal death (Lee et al. 2018). The α-synuclein protein can act to form pores 

in the cellular membranes and can cause a calcium imbalance in the mitochondria (Ludtmann and 

Abramov 2018). When calcium ions bind to the C-terminus of α-synuclein protein, the excess Ca2+ 

can cause a conformation change and make α-synuclein prone to aggregation (Rcom-H’cheo-

Gauthier et al. 2014; Lautenschläger et al. 2018). If calcium concentrations are disturbed in the 

cytosol, cellular signalling may be compromised (Fujita 2002). The inhibition of pro-apoptotic Bax 

and Bak facilitate Ca2+ intake of mitochondria, hence promotes apoptosis (Scorrano et al. 2003). 

An ER phosphatase, calcineurin, controlled by Ca2+ induces apoptosis by dephosphorylating 

(activating) a pro-apoptotic protein, Bad, thus enhance its dimerization with Bcl-xL and enhances 

PTP formation (Wang et al. 1999). Due to its important role, cells have devised various pathways 

to sustain calcium concentration. 

 

1.5.4 Proteostasis  
Proteostasis is homeostasis between the biogenesis, folding, trafficking, and degradation of 

cellular proteins. Despite the high fidelity of the proteostasis machinery, often proteins are 
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misfolded and are degraded by Unfolded protein response (UPS) (Ciechanover 2015). Moreover, 

due to high cellular disturbance, the number of misfolded proteins can increase exponentially. Cell 

monitors the protein requirements and the amount of misfolded proteins. If the accumulated 

proportion of misfolded protein exceeds a critical value, the cell signals to initiate the unfolded 

protein response (UPR) (Wang and Kaufman 2016). Activation of proteostasis systems depends on 

the location and the severity of the protein aggregates. 

 

1.5.4.1 Ubiquitin proteasome system 
A large portion of cellular proteins, synthesized on membrane-bound ribosomes of Rough 

Endoplasmic Reticulum (RER), are destined for ER, plasma membrane, Golgi, and lysosomes. The 

protein may undergo secondary and tertiary structure folding in addition to other post-

translational modifications, which may happen with the assistance of chaperones and protein 

modification enzymes (Braakman and Bulleid 2011). The misfolded proteins may be ubiquitinated 

for subsequent degradation by the 26S proteasome (Smith et al. 2011). Three enzymes that 

mediate the ubiquitination action are ubiquitin-activating enzyme (E1), ubiquitin-conjugating 

enzyme (E2), and ubiquitin ligase (E3) (Ciechanover 2015). The E1 ubiquitin recognises E2, which 

transfers the ubiquitin molecule to the target protein with the help of E3 (Kwon and Ciechanover 

2017). Polyubiquitination at specific Lys-residues is required for protein degradation; various 

ubiquitination’s signal proteins for different fate (Dantuma and Bott 2014). Proteins targeted by 

polyubiquitination are recognised by the 26S proteasome and cleaved into short peptides. These 

peptide fragments are further cleaved by cellular aminopeptidase into amino acids (Bhattacharyya 

et al. 2014) to be made available for a number of processes, including protein translation. The UPS 

seems to act as the first line of defence against the misfolded protein. 
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The ERAD (ER-associated degradation) is a control system to clear the misfolded proteins from the 

ER. The pathway is conserved among all eukaryotes and utilises the UPS in the degradation of the 

misfolded protein (Smith et al. 2011). The mitochondria-associated degradation (MAD) pathway, 

utilises the UPS to retro-translocate matrix and IMM proteins for ubiquitination and subsequent 

degradation (Taylor and Rutter 2011). Ubiquitin is a part of inclusion body aggregates found in 

various neurodegenerative diseases. Inclusion bodies may sequester functioning cellular proteins 

to initiate neurodegenerative disease. Another hypothesis suggests that inclusion bodies act as a 

sink for misfolded proteins as a strategy to prevent cellular toxicity. Evidence suggests that the 

formation of an inclusion body is a protective mechanism against misfolded proteins (Dantuma 

and Bott 2014). The role of E3 ubiquitin ligase parkin in the pathology of PD further suggests that 

the involvement of the UPS in neurodegenerative diseases (Kawajiri et al. 2011). Although it is not 

yet established if the inclusion bodies function as a protective mechanism or result from UPS 

malfunction, the formation of these structures is a hallmark of ageing and neurodegenerative 

diseases. 

 

1.5.4.2 Unfolded protein Response 
The Unfolded Protein Response (UPR) is one of the essential stress responses associated with 

ageing, and this becomes activated in reaction to the accumulation of unfolded or misfolded 

proteins. The aggregates of misfolded protein can cause stress of both the endoplasmic reticulum 

and the mitochondria (Walter and Ron 2011; Bermales et al. 2012). ER stress initiates three signal 

transduction by IRE1 (Inositol requiring enzyme 1), ATF6 (Activating transcription factor 6) and 

PERK (protein kinase RNA line ER kinase) proteins located on the membrane of the ER (Wang and 
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Kaufman 2016). The IRE1 is transmembrane serine/threonine kinase, which can activate the RNase 

domain by dimerization, and splices the XBP1 mRNA to generates stable and active XBP1 

transcription factor (Calfon et al. 2002). During ER stress, unfolded protein response controls 

chaperones, ERAD, protein translocation, and lipid synthesis genes expression (Hetz and Papa 

2018). The ATF6α is a transmembrane protein with a b-zip transcription factor. The ATF6a is a 

transmembrane protein with a b-zip transcription factor. While ER stress, ATF6a translocates to 

the Golgi apparatus and cleaved by a protease to release the cytosolic domain of ATF6a. The ATF6a 

upregulates the transcription of ERAD and other UPR genes such as BiP and XBP1 to restore 

proteostasis in the ER (Hillary and Fitzgerald 2018). Lastly, PERK is a transmembrane kinase that 

oligomerizes and inhibits the protein translation in response to ER stress. PERK phosphorylates the 

eIF2α, which suppresses the transportation of initiator methionyl-tRNAiMet (Liu et al. 2015). 

However, the expression of a protein with internal ribosomal entry sites is selectively increased, 

specifically ATF4. The ATF4 can enhance protein folding capacity, antioxidant response, and 

macroautophagy (Hetz and Papa 2018). Collectively these pathways enhance the degradation of 

misfolded protein and reduce overall protein synthesis.  

The unfolded protein stress primarily involves, although it is not restricted to the ER. Mitochondria 

can undergo similar stress amid misfolded protein aggregation called UPRmt. The mitochondrial 

protein translated in the cytosol are imported and then folded by mitochondrial chaperons 

(Neupert and Herrmann 2007). Due to impairment of ETC or other cellular stress, unfolded or 

misfolded protein precursors increase more than the folding capacity of chaperones (Cristina et 

al. 2009). The increase in unfolded proteins activates the CLPP-1 proteolytic complex, which 

degrades proteins into small peptides and transports them back to the cytosol (Haynes et al. 2007). 
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The mitochondrial import efficacy is decreased and affects ATFS-1 import into mitochondria 

(Jovaisaite et al. 2014). The ATFS-1 is another b-Zip transcription factor, which is typically imported 

and degraded into mitochondria. During mitochondrial stress, ATFS-1 is imported into the nucleus 

and initiates the transcription of the mitochondrial chaperones, proteases, antioxidants, glycolysis, 

and protective genes (Nargund et al. 2012). The ATFS-1 balances the gene expression with the 

folding capacity of mitochondria and suppresses the accumulation of Tri-carboxylic acid cycle 

(TCA) and OXPHOS transcripts (Nargund et al. 2015). UPRmt helps to recover mitochondria and 

promotes cell survival. 

When the UPRER response is insufficient to restore the protein homeostasis, apoptosis is initiated. 

The hyperactivation of PERK upregulates the transcription factor CHOP. The transcription factor, 

CHOP, inhibits anti-apoptotic proteins' expression and enhances the expression of pro-apoptotic 

Bcl-2 genes; Besides, increased protein synthesis causes oxidative stress (Urra et al. 2013). The 

hyperactivation of IRE1α cause ER-localised mRNA decay, which depletes cell-surface signalling 

protein and destabilises protein folding in ER (Urano et al. 2000; Han et al. 2009) and initiates the 

apoptotic signal by activating the JNK pathway (Hetz and Papa 2018). Interestingly, prolong 

activation of UPRmt allows cells to keep defective mitochondrial DNA. A research group deleted 

3.1kb of mtDNA encoding for 4 OXPHOS enzymes and created a heteroplasmic strain of C. elegans. 

The deleted mtDNA was maintained, compared to 60% of the total mtDNA (Tsang and Lemire 

2002). Subsequent studies demonstrated that the knockdown (or deletion) of ATFS-1 or UPRmt 

result in a dramatic reduction in deleterious mtDNA from 60% to 7%. The overexpression of ATFS-

1 increases heteroplasmy from 60% to 73% (Lin et al. 2016). This suggests that UPRER and UPRmt 

are beneficial, but prolonged activation could be harmful. 
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The UPR adapts to avoid stress and to minimize the damage caused to the cell by protein stress. 

The activity of the three signal transduction branches of the UPRER declines with increasing age 

(Taylor 2016). The overexpression of the mitochondrial matrix proteases increase lifespan 

substantially (Luce and Osiewacz 2009). The proteases, LON and Clp (CLPP), are essential to keep 

up the protein homeostasis in the mitochondrial matrix (Bezawork-Geleta et al. 2015). They are 

classic activators of UPRmt, and a decline in their activity promotes ageing (Quirós et al. 2015). LON 

regulates the mitochondrial level of PINK1, a distinct regulatory pathway, which suggests cross-

regulation between the two pathways (Thomas et al. 2014). The aggregation of unfolded or 

misfolded protein in neurons is a characteristic of neurodegenerative diseases like PD (Recasens 

and Dehay 2014). The UPR is important to prevent neurodegenerative diseases in animal models 

(Hetz and Mollereau 2014). Overall, UPR increases the efficiency of protein folding machinery and 

the upkeep of homeostasis.  
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Figure 1.4 The Mitochondrial Unfolded Protein Response. The UPRmt is activated during unfolded 
protein stress and mitochondrial dysfunction, which upregulate the expression of mitochondrial 
chaperones, proteases, translocases, and glycolysis proteins, to relieve the mitochondrial stress. 
(This Figure is generated by author using Adobe Illustrator CS6) 
 
1.5.5 The IGF-1 pathway 
The insulin-like growth factors induce growth and differentiation by binding at specific Insulin-like 

growth factor 1(IGF-1) receptors located at the cell outer surface. Once activated, IGF-1 receptors 
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can phosphorylate multiple downstream targets, including Akt (also known as Protein kinase B) 

(Vanhaesebroeck and Alessi 2000; Laviola et al. 2007). Akt protein overcomes cell cycle arrest 

(Kandel et al. 2002; Liu et al. 2014); regulates insulin metabolism and autophagy (Whiteman et al. 

2002; Heras-Sandoval et al. 2014); and acts as a tumour suppressor (Manning and Toker 2017). 

The Akt can change the expression of genes through the activities of the foxo transcription factor. 

Foxo regulates glucose homeostasis, tumour suppression, autophagy, and resistance to oxidative 

stress (Martins et al. 2016). The IRS null mutant mice exhibited insulin resistance and lived ~16% 

longer (Selman et al. 2011); diminished IGF-1/IRS signalling increased lifespan in worms, flies, and 

mice (Holzenberger et al. 2003; Yuan et al. 2009; Tazearslan et al. 2012). Decreased IGF-1/IRS 

signalling activates downstream transcription factor foxo, which ameliorates different cellular 

stress. A GWAS study identified foxo for its association with longevity among the ~2.5 million SNPs 

(Broer et al. 2015). The foxo genes activate autophagy mechanisms in different cell types, including 

neurons (Martins et al. 2016). The autophagy mechanism is found to be dysfunctional in ageing 

and neurodegenerative disorders such as AD and PD (Heras-Sandoval et al. 2014). Likely 

reductions in IGF-1 signalling activities are beneficial for the cellular health of ageing cells. 

 

Defects in the IRS pathway can disturb normal mitochondrial function (Cheng et al. 2010). Akt, the 

principal regulator of the IRS pathway, seems to prevent apoptosis through phosphorylation of 

the pro-apoptotic protein, Bad in mammals. The IRS pathway regulates mitochondrial biogenesis 

through the NAD+/NADH ratio and the activated sirtuin-1/PGC1α pathway (Cheng et al. 2010). Akt 

phosphorylates and deactivates GSK3β, which in its active form deactivates anti-apoptotic Bcl-2 

family proteins, Bcl-xL, and Mcl-1 (Maurer et al. 2006). The Akt regulated transcription factor foxo 
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triggers the expression of the Bcl-2 family proteins Bcl-xL, Bnip3, and Bim (Farhan et al. 2017). The 

IRS pathway has an active role in the maintenance of cellular homeostasis via Bcl-2 family protein. 

 

1.6 Proteins involved in ageing and age-related disease progression 
 

1.6.1 The Drp1, mitochondrial fission protein. 
The mitochondria are dynamic, and the mitochondrial network is kept in part through proteins 

with GTPase activities: dynamin-related protein (Drp1) for fission, and Mitofusin-1 & 2 (Mfn1/2) 

for fusion (Chan 2006). The Drp1 protein is required for an array of processes from the 

maintenance of the mitochondria, peroxisomes, and the endoplasmic reticulum (ER) morphology 

(Koch et al. 2003, Pitts et al. 1999; Wikstrom et al. 2013) to the standard rate of cytochrome-c 

(Cyt-c) release and activation of caspase functions (Breckenridge et al. 2008). The role of Drp1 in 

apoptosis and mitophagy is not well understood, but it seems to depend upon interactions with 

proteins involved in a number of mitochondrial processes, such as the products of Pink1 (PTEN-

induced putative kinase 1) and parkin in Cos-7 cells (Buhlman et al. 2014), and protein product of 

Bax (Karbowski et al. 2002; Yuan et al. 2007; Maes et al. 2019). Drp1 phosphorylation and 

localization on mitochondria increases by Akt activation, which results in "mito-fission" and 

escalates ROS production (Kim et al. 2016). Drp1 loss of function can increase the nuclear 

translocation of the foxo transcription factor to enhance the expression of downstream targets 

(Favaro et al. 2019). Drp1 increases the mitochondrial fragmentation under nitrosative stress, due 

to the elevated production of nitric oxide, in primary cerebrocortical neuron culture (Yuan et al. 

2007). Neurons are dependent on mitochondrial function for membrane excitability, synaptic 

plasticity, and neurotransmission (Kann and Kovács 2007). The synaptic regions of neurons are rich 
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in mitochondria (Vos et al. 2010). The crucial requirement of mitochondria is the intense need for 

ATP in synaptic transmission, fusion, and recycling of synaptic vesicle, to maintain the ionic 

environment at the synaptic membrane (Chan 2006; Vos et al. 2010). Drp1 controls mitochondrial 

fission and, as a vital consequence, mitochondrial and cellular health. 

1.6.2 The E3 ubiquitin ligase Parkin. 
The Parkin protein encoded by the PARK gene is an E3 ubiquitin ligase protein that serves as a 

component of the ubiquitin-proteasome degradation pathway. The four functional domains of the 

protein are well-conserved between the Drosophila and its human homologue (Haywood and 

Staveley 2004). Parkin is one of the proteins found altered in the familial form of PD. Parkin is 

found in the LB of both familial and sporadic PD forms (Schlossmacher et al. 2002). The parkin 

gene comprises an N-terminal Ubiquitin (Ub)-like domain, an Ub-parkin domain, a RING 1 domain, 

In-Between Ring fingers (IBR) and a RING 2 domain (Haywood and Staveley 2004; Olszewska and 

Lynch 2015). Parkin acts to mono- and polyubiquitinilate the substrate proteins (Von Coelln et al. 

2004). Parkin substrates range from synphilin-1, an α-synuclein interacting protein, to 

cytoskeleton proteins (Panicker et al. 2017). In the past decade, extensive studies have revealed 

that the function of parkin is involved with another PD-associated protein, Pink1 (Thomas et al. 

2014). Damaged and dysfunctional mitochondria can undergo a Pink1-parkin dependent process 

of mitophagy to upkeep cellular health and homeostasis. Loss of parkin in mitophagy has been 

implicated as a common cause in the onset of PD. 

1.6.3 Bcl-2 family 
The Bcl-2 family of proteins, first discovered as regulators of apoptosis, have been identified as 

regulators of a diverse selection of cell signalling pathways. Beyond the control of facets of cell 

death, these proteins control the calcium-dependent signalling mechanisms that act between the 
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mitochondria and the endoplasmic reticulum; the energy metabolism of the mitochondria; the 

cell cycle progression checkpoints; the unfolded protein response (UPR); various aspects of 

autophagy; and various aspects of mitochondrial dynamics (Danial et al. 2010). The Bcl-2 family 

proteins, Bcl-2, Bcl-XL, and Mcl-1 are located on the Inner Mitochondrial Membrane (IMM) and 

bind to Inositol 1,4,5-trisphosphate receptor (IP3R) and facilitate Ca2+ leakage from ER. The Bcl-2 

and Bcl-xL proteins act to inhibit the progression of the cell cycle and mediate cellular survival and 

can be antagonised by the anti-apoptotic protein Bax (O’Reilly et al. 1996). The Bcl-2 protein can 

regulate mitochondrial respiration by binding to Cyt-c oxidase (COX) (Chen and Pervaiz 2010) to 

promote axonal growth in CNS neurons (Chen et al. 1997). The Bcl-xL protein can regulate the 

dynamics of synaptic vesicle membranes through interactions with Drp1 (Li et al. 2013). Bcl-xL, 

along with Mcl-1, may interact with the F1 F0 ATP synthase complex, and decrease ion leaks and 

increase ATP production if overexpressed (Alavian et al. 2011; Perciavalle et al. 2012). Mcl-1 may 

contribute in the organization of mitochondrial cristae, the efficiency of the ETC complexes and 

other attributes of mitochondrial dynamics (Perciavalle et al. 2012). Several BH3-only Bcl-2 family 

proteins like BAD, NOXA, BNIP3, and tBID regulate lipid and glucose metabolism (Giordano et al. 

2005; Lowman et al. 2010; Glick et al. 2012; Ljubicic et al. 2015). The association of Bcl-2 family 

proteins in the regulation of different cellular processes signifies their importance in ageing and 

age-related disorders. 

 

1.6.4 The Rbf1 transcription regulator. 
The well-studied nuclear function of the retinoblastoma (Rb) protein is transcriptional regulation 

via interactions with the E2 transcription factor (E2F1). Both the overexpression or the inhibition 

of the Rb homologue in mice during development can have catastrophic effects, that include 
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lethality (Vooijs and Berns 1999; Lipinski and Jacks 1999). Interestingly, recent investigations into 

endogenous Rb protein activity have established direct interactions with mitochondria as the Rb 

protein: 1) can localize near the mitochondrial surface; 2) can induce the process of mitochondrial 

outer membrane permeabilization (MOMP); 3) can bind with the Bcl-2 family member Bax (in vitro 

and in vivo); 4) can induce apoptosis when in a form designed to be deficient of nuclear function 

and is targeted to mitochondria; and 5) can suppress tumourigenesis (Hilgendorf et al. 2013). The 

Rb protein is a crucial regulator of transcription and has a vital role in regulating cellular 

proliferation and apoptosis. 

1.6.5 The α-synuclein protein 
The α-synuclein gene encodes a 140 amino acid neuronal protein that is kept in a dynamic 

equilibrium between membrane-associated and free native conformation. The well-accepted 

function of the α-synuclein protein is in neurotransmission, specifically the facilitation of the 

clustering and docking of synaptic vesicles (Burré et al. 2010, 2014; Diao et al. 2013). The vesicle 

curvature and lipid composition increase the binding efficiency of α-synuclein by greater than 15 

fold (Middleton and Rhoades 2010). The alteration of α-synuclein expression inhibits the process 

of vesicle recycling and re-clustering abilities (Nemani et al. 2010; Wang et al. 2014). In membrane-

bound conformation, α-synuclein is associated with synaptic vesicles, mitochondria, endoplasmic 

reticulum, and Golgi membranes (Nakamura et al. 2008). The α-synuclein gene was first found to 

be associated with the familial form of PD. The histology of the PD brain shows an abnormal 

aggregation of proteins, LB. The α-synuclein is a major component of the LB. Although the 

conformations that are more susceptible to aggregation is still unclear (Miraglia et al. 2018). 

Furthermore, post-translational modifications of the α-synuclein gene, protein product increase 

the protein aggregation (Thomas and Beal 2011; Zhang et al. 2019a). These protein alterations 
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seem to cause the aggregation of insoluble proteins, which eventually cause neurotoxicity and PD 

pathology. 

 

1.6.6 Trbl protein 
The trbl homologues encode proteins that contain a highly conserved central domain, a non-

conserved N-terminal domain, and a C-terminal domain with binding sites for COP-1 and MEK1. 

The trbl gene has a central role in the insulin-receptor signalling pathway (Fischer et al. 2017). The 

levels of trbl expression increase during starvation and after exercise which can block the 

activation of Akt and can reduce tissue growth in diabetic mice and in human cell culture 

(Schwarzer et al. 2006; Lima et al. 2009; Fischer et al. 2017). In structure, the Trbl protein has the 

structure of a pseudokinase adaptor protein that contains a non-catalytic kinase region (Fischer et 

al. 2017). Pseudokinases are pseudo-enzymes that lack key catalytic residues and, therefore, are 

catalytically inactive (Jacobsen and Murphy 2017). While the general functions of pseudokinase 

proteins remain uncertain, the consensus is that these seem to function as mediators of protein 

interaction. The Trbl proteins are involved in cell signalling through the allosteric regulation of 

protein kinases. The trbl pseudokinase proteins are located in the nucleus and function primarily 

as adaptor proteins. 

 

1.6.7 Foxo transcription factor 
The foxo transcription factor help mitigates stress. Akt acts to phosphorylate the foxo protein to 

result in nuclear exclusion and thus suppression of downstream targets of transcriptional activities 

(Martins et al. 2016). The ageing process has been correlated to decreased levels of proteasomal 

activity, which can increase the accumulation of damaged protein in cells. Foxo plays a role in the 
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proteasome system by the encouraging the degradation of short-lived regulatory proteins 

(Murtaza et al. 2017). Additionally, foxo upregulates the production of ubiquitin ligases, the 

proteasome composition, the expression of autophagy and mitophagy genes, and the preparation 

of tissues to adapt to starvation conditions (Martins et al. 2016). Foxo can regulate the expression 

of manganese superoxide dismutase (MnSOD), catalase and Gadd45 (Klotz et al. 2015). The 

conditional deletion of foxo3A leads to apoptosis and compromised regenerative potential in the 

hematopoietic system of mice (Miyamoto et al. 2007). The efficiency and number of adult stem 

cells are decreased on the onset of age-related diseases due to increased cellular stress, which can 

be rescued with antioxidant treatment (Martins et al. 2016). Foxo can interact with tumour 

suppressor p53 directly or indirectly and induce mitochondria-associated apoptosis (Wang et al. 

2008; Farhan et al. 2017). The roles of foxo are diverse and may be poorly understood with 

concern to the maintenance of mitochondrial health. 

 

1.7 Objective of the study.  
The function of the Drp1 protein, other than as a mitochondrial fission factor in various pathways, 

is not well understood. In these studies, it is being explored under different conditions in order to 

enhance our understanding. To begin, I sought to investigate the effects of Drp1 upon the DA 

neurons and developing eyes of flies (Chapter 2). Further, I investigated the role of Drp1 in the 

parkin-induced Drosophila model of PD (Chapter 2). Additionally, I used the Drp1 induced novel 

PD-like phenotypic models to study the consequences of the alteration of the expression of the 

Bcl-2 family genes, Buffy and Debcl (Chapter 3), the transcription regulator, Rbf (Chapter 5), and 

IRS pathways regulator, trbl (Chapter 6), which are strongly associated with mitochondrial health 

and cell death pathways. I characterized the phenotype of altered expression of Rbf in Drosophila 
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DA neurons and attempted to rescue the phenotype by altering Buffy, Debcl or Drp1 (Chapter 4 

and 5). Besides, I attempted to rescue the parkin-induced Drosophila model of PD by the 

overexpression of Rbf (Chapter 4). To further evaluate the role of Drp1, Bcl-2, Rbf and trbl, I altered 

their expression in the α-synuclein induced model of PD (Chapter 6 and 7). I characterized the 

phenotypes generated in response to the altered expression of trbl in Drosophila DA neurons and 

in the parkin-induced PD model (Chapter 7). To further understand the role of cell signalling and 

foxo in mitochondrial health, I inhibited the foxo expression in well-established parkin and α-

synuclein; and novel Drp1 and Rbf Drosophila models of PD (Chapter 8). Additionally, I altered the 

expression of Drp1, Buffy, Debcl, Rbf, Pink1, parkin, trbl and foxo to see its effect on foxo 

overexpression-induced characteristics Drosophila eye phenotype. Exploring the role of Drp1 in 

established and novel PD models provided helpful information about the interaction between 

various mitochondrial proteins.  
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Chapter 2: Alteration of expression of Drp1 can increase longevity 
in Drosophila models of Parkinson Disease 
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Abstract 
Parkinson Disease (PD) and other neurodegenerative diseases have a significant relationship with 

mitochondrial dysfunction. The substantial effect of mitochondrial dynamics in PD has led us to 

study the role of the gene encoding the mitochondrial fission protein Drp1 in Drosophila models. 

Drp1 is a member of the highly conserved, dynamin family of protein encoding genes. Drp1 is 

essential in maintaining the mitochondrial, peroxisomal, and endoplasmic reticulum (ER) dynamics 

and has been found to regulate processes during homeostasis and cell survival. The directed 

expression of Drp1 in Drosophila neurons under the control of the Ddc-Gal4 transgene decreases 

the lifespan and compromises climbing ability over time. The directed inhibition of Drp1 causes 

little change in median lifespan but much decrease in locomotor or climbing abilities. Interestingly, 

the loss-of- parkin dependent Drosophila model of PD is rescued by the directed inhibition of Drp1. 

The compromised health-span of flies with directed overexpression and inhibition of Drp1 has 

produced a new model for PD and can be used to further investigate the mechanism(s) underlying 

PD and other neurodegenerative diseases. The combined inhibition of both Drp1 and parkin 

suppresses PD phenotypes and promotes survival. 

 

Introduction 
Mitochondria are critical organelles in the process of survival at the cellular level. Mitochondria 

accumulates damage over time, hence dysfunction, and contributes to ageing and eventually to 

the death of an organism (Harman 1991). Mitochondria is responsible for various aspects of 

energy homeostasis, oxidative stress, calcium handling, cell signalling, and cell survival (Galluzzi et 

al. 2012). Neurons are dependent on mitochondria for their excessive ATP requirement in 

membrane excitability, synaptic plasticity, and neurotransmission (Kann and Kovács 2007). The 
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central role of mitochondria in energy regulation and signalling implies that its dysfunction would 

have devastating effects upon cellular functions. Such is especially true for the nervous system 

because subtle signalling changes can have catastrophic consequences leading to 

neurodegenerative disease.  

 

The shape and size of mitochondria are not fixed properties; mitochondrial morphology depends 

upon a number of factors, including stage of the cell cycle and cell type, and can change quite 

quickly in response to external stimuli or metabolic cues (Campello and Scorrano 2010). Changes 

to the mitochondrial network seem to differentially influence a number of signalling pathways 

(Hoitzing et al. 2015). Therefore, mitochondria undergo fission and fusion frequently in order to 

change their structure in response to the specific requirements of the cell, under a wide range of 

circumstances (Scott and Youle 2010). Mitochondrial fission allows segregation of damaged 

mitochondria components while the process of fusion facilitates the exchange of mitochondrial 

material vital in preserving homeostasis within the mitochondrial network (Twig et al. 2008; Twig 

and Shirihai 2011). Mitochondrial fusion helps compromised mitochondria, with highly damaged 

DNA and protein, to actively exchange components with other healthier mitochondria to decrease 

the severity of heteroplasmy, and help with functional complementation (Nakada et al. 2009; Chan 

2012). Mitochondrial fission allows for the segregation of irreversibly damaged portions of the 

mitochondrial network and subsequent degradation (Twig et al. 2008). Mitochondrial fission 

necessarily requires dynamin-related protein 1 (Drp1) and FIS1 (Sebastián et al. 2017). 

Nevertheless, an explicit understanding of the factors promoting fission and fusion remains 

limited. 
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The Drp1 gene encodes a dynamin family GTPase protein comprised of a characteristic Dynamin 

like protein family domain (Dynamin and Mx protein domains), a dynamin central domain, and a 

dynamin GTPase effector domain. While predominantly located in the cytoplasm, a small fraction 

is located upon the cytoplasmic surface of the mitochondrial tubules. Overexpression of Drp1 

causes mitochondrial fragmentation, whereas inhibition results in the elongation of the 

mitochondrial network (Twig et al. 2008; Twig and Shirihai 2011). Drp1 protein function is 

regulated by post-translational modification via phosphorylation, where a well-documented 

phosphorylation site, S616, promotes fission through an increase in activity. In contrast, 

phosphorylation of another site, S637, acts to lessen fission through reduced activity (Chang and 

Blackstone 2007a, 2007b; Cribbs and Strack 2007). Drp1 polymerizes to form a spiral structure 

around the mitochondrial tubule, and then utilizes its GTPase activity to constrict the tubule and 

eventually cause fragmentation of the mitochondria (Legesse-Miller et al. 2003; Ingerman et al. 

2005; Lackner et al. 2009; Mears et al. 2011). Through its role in mitochondrial fission, Drp1 

controls mitochondrial morphology and function. 

 

In addition to mitochondrial fission, Drp1 participates in peroxisomal fragmentation (Koch et al. 

2003) and maintains the morphology and function of the Endoplasmic Reticulum (ER) (Wikstrom 

et al. 2013). Drp1 is required for a standard rate of Cyt-c release and caspase activation during 

programmed cell death (Breckenridge et al. 2008). The role of Drp1 in apoptosis is not clear, but 

the product of the Bax gene, a pro-apoptotic Bcl-2 family protein, has been found to co-localize 

with Drp1 at mitochondrial fission site in HeLa and Cos-7 mammalian cell lines (Karbowski et al. 
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2002). Drp1 increases the mitochondrial fragmentation under nitrosative stress in primary 

cerebrocortical neuron culture (Yuan et al. 2007). The Drp1 protein interacts with other proteins 

involved in a number of mitochondrial processes, such as protein product of Bax (Karbowski et al. 

2002; Yuan et al. 2007; Maes et al. 2019), the products of Pink1 (PTEN-induced putative kinase 1) 

and parkin in Cos-7 cells (Buhlman et al. 2014). Mutation of the Pink1 and parkin genes are among 

the most prominent causes of early onset of PD (Klein and Westenberger 2012). The roles of Pink1 

and parkin are vital to ubiquitin-dependent mitophagy (Pickrell and Youle 2015). The Pink and 

parkin loss of function mutation increase the mitochondrial localization of Drp1 in flies (Poole et 

al. 2010). The parkin protein ubiquitinates the Drp1 for proteasomal degradation, incriminate the 

Drp1 for dysregulated mitochondrial dynamics in parkin loss-of-function induced mitochondrial 

morphology in HeLa and SH-SY5Y cells (Wang et al. 2011). Number of stresses can increase the 

mitochondrial translocation of Drp1 in neurons and initiate apoptosis or mitophagy (Pradeep et 

al. 2014). Excessive activity of Drp1 increase mitochondrial fission and consequently promote cell 

death. 

 

Here I propose that gain-of-function of Drp1 results in a Parkinsonian-like phenotype. I use 

Drosophila to model Parkinson disease because it is an excellent model system to study of the 

genes and proteins that interact in PD (Staveley 2012; Xiong and Yu 2018). The inhibition of Drp1 

in the dopaminergic (DA) neurons of a mouse MPTP model of PD gives protection against 

mitochondrial translocation of p53 and the loss of DA neurons (Filichia et al. 2016). In my 

experiment, I used the UAS-Gal4 system to direct and to inhibit the expression of the Drp1 gene 

in Drosophila. The Ddc-Gal4 transgene directs expression in DA and serotonergic neurons (Li et al. 
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2000; Riemensperger et al. 2013) and the GMR-Gal4 transgene directs expression in the 

developing eye (Freeman 1996). We found overexpression of Drp1 has toxic effects; although, its 

inhibition slightly improves the lifespan, the climbing ability over time is compromised. In an 

established parkin-RNAi model of PD (Githure and Staveley 2017), I directed and inhibited the 

expression of the Drp1 gene. The PD -like phenotypes of Ddc-Gal4 parkin-RNAi were rescued by 

the expression of Drp1-RNAi transgenes. The strategy is to identify the basic mechanism in simple 

model organism and then further validate the finding in mammalian model organism. 

 

Materials and methods 
 
Bioinformatic analysis 
Protein sequences were obtained from the National Center of Biotechnology Information (NCBI) 

database (https://www.ncbi.nlm.nih.gov/protein/). The conserved domains were identified using 

NCBI Conserved Domain Database (https://www.ncbi.nlm.nih.gov/cdd/), and Eukaryotic Linear 

Motif (http://elm.eu.org/). Multiple sequence alignment was done using Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/)  to reveal the conservation of domains. The Homo 

sapiens Dynamin-1 like protein (DLP-1/Drp1) structure (PDB ID 4BEJ) was obtained from NCBI 

structure database (https://www.ncbi.nlm.nih.gov/structure/) and Drosophila melanogaster Drp1 

protein structure was developed using Phyre2 

(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index) modeling tool. The final models 

were edited with the PyMOL software (https://pymol.org/2/) to highlight the N-terminus, C-

terminus and LIR regions.  
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Drosophila stocks and media 
The Ddc-Gal44.3D(w[1118]; P{w[+mC]=Ddc-GAL4.L}4.3D); GMR-Gal412; UAS-lacZ4-1-2; UAS-Drp1 

(y[1] w[*]; P{w[+mC]=FLAG-FlAsH-HA-Drp1}3, Ki[1]); the UAS-Drp1-RNAi1 (y[1] v[1]; P{y[+t7.7] 

v[+t1.8]=TRiP.JF02762}attP2}); and UAS-Drp1-RNAi2 (y[1] v[1]; P{y[+t7.7] 

v[+t1.8]=TRiP.HMC03230}attP40) stocks were obtained from Bloomington Drosophila Stock 

Center at Indiana University, Bloomington, Indiana, USA. The UAS-parkin-RNAi line was obtained 

from Dr. B. Lu (Yang et al. 2003, 2006). The Ddc-Gal4 parkin-RNAi line was produced through 

standard methods (Githure M’angale and Staveley 2016). All flies were maintained on standard 

cornmeal/molasses/yeast/agar media treated with propionic acid and methylparaben to resist 

fungal growth. Stocks were maintained at room temperature (22° ± 3° C), whereas crosses and 

experiments were kept at 25°C. 

 

Survival assay 
Female virgins of the Ddc-Gal4 and Ddc-Gal4 UAS-parkin-RNAi genotype were collected every 8 to 

12 hours for several days. The confirmed virgin flies were then crossed with UAS-lacZ, UAS-Drp1, 

UAS-Drp1-RNAi1 and UAS-Drp1-RNAi2 males. Critical class male progeny were collected until 

approximately 250 flies of each genotype were obtained. To avoid over-crowding, the flies were 

maintained in cohorts of 25 or less per vial on standard media. Flies were scored every second day 

for viability and were transferred to new food every two to five days. Scoring continued until all 

flies had died (Todd and Staveley 2004, 2012).  Longevity data were analyzed using GraphPad 

Prism version 8 statistical software (graphpad.com), and survival curves were compared by 

Mantel-Cox test. Significance were determined at 95% confidence level (P ≤ 0.05). with Bonferroni 

correction. 
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Locomotor analysis 
Approximately 70 male flies of the critical class were collected within a 24-hour period and 

maintained as cohorts of 10 flies in each vial. Media was replenished twice a week. The climbing 

assay was performed as previously described according to a standard protocol (Todd and Staveley 

2004, 2012). Briefly, every week 50 males were assayed, in groups of 10, for their ability to climb 

a glass tube divided into 5 levels of 2 cm each. The climbing index was calculated for each week 

using GraphPad prism version 8 statistical software. The climbing curve was fitted using non-linear 

regression and determined at a 95% confidence interval (P ≤ 0.05). 

 

Biometric analysis of the Drosophila melanogaster eye 
Female virgins of the GMR-Gal4 genotype were collected every 8 to 12 hours for several days. The 

confirmed virgins were then crossed with the males of UAS-lacZ, UAS-Drp1, UAS-Drp1-RNAi1 and 

UAS-Drp1-RNAi2 genotypes. Critical class male progeny were collected for each genotype. The 

collected flies were kept as cohorts of 10 flies or less upon fresh media and allowed to age for 3 

to 4 days. The flies were prepared for scanning electron microscopy following the standard 

protocol [35]. Ommatidia and interommatidial bristle counts were performed on 10 or more flies 

of each genotype using National Institute of Health (NIH) ImageJ software. The ommatidium area 

was calculated by measuring the area of 5 distinct ommatidial “rosettes” per fly eye and then 

dividing by 7 to determine the mean area of each ommatidium; done on 10 eyes of each genotype. 

The Biometric analysis was performed using GraphPad Prism version 8 statistical software. 

Significance were determined at 95% confidence level (P > 0.05). 
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Results 
 
Drp1 is highly conserved between Homo sapiens and Drosophila melanogaster 
The D. melanogaster Drp1 protein sequence was sourced from NCBI protein database, and the 

conserved sequences were identified using NCBI CDD. NCBI protein Blast of Drp1 protein of D. 

melanogaster (NP_608694.2) with the H. sapiens, identified dynamin-1-like protein (isoform 4) 

(NP_001265392.1), it is 65% identical with a bit score of 957. The multiple sequence alignment of 

the two proteins derived by Clustal Omega (Figure 2.1A) shows a highly conserved dynamin-like 

protein family domain, a dynamin central domain, and a dynamin GTPase effector domain. Two 

well-documented phosphorylation sites are identified; S606 and S627 in dynamin-1-like protein 

isoform 4 of H. sapiens; and S616 and T637 in Drp1 of D. melanogaster. A template-based 

modeling of D. melanogaster Drp1 protein by use of a combination of empirically derived energy 

functions and physics-based simulated folding was produced using Phyre2. The modeled D. 

melanogaster Drp1 protein (i) and the H. sapiens Dynamin-1 like protein (ii) from the NCBI 

database share a near identical structure (Figure 2.1B). The amino-terminus region of the Drp1 

protein is highly conserved and has a consensus LC3-interacting region (LIR) sequence for binding 

to the ATG8/LC3 protein as determined by the Eukaryotic Linear Motif (ELM) resource. As this 

protein structure is so highly conserved, it seems very likely that the functions are highly 

conserved. 
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Figure 2.1 Drp1 is evolutionarily conserved in Drosophila. A. Clustal Omega multiple sequence 
alignment of D. melanogaster Drp1 (NP_608694.2) protein with the H. sapiens (NP_001265392.1) 
shows evolutionarily conserved domains identified using the NCBI Conserved Domain Database 
(CDD) and further confirmed by the Eukaryotic Linear Motif (ELM) resource. The two well 
documented phosphorylation sites are identified, S606 and S627 in dynamin-1-like protein (DLP-
1) isoform 4 of H. sapiens; and S616 and T637 in Drp1 of D. melanogaster. The asterisks indicate 
the residues that are identical; the colons indicate the conserved substitutions; and the dots 
indicates the semi-conserved substitutions. Colour differences indicate the chemical nature of 
amino acids: red indicates small hydrophobic (includes aromatic) residues; blue indicates acidic; 
magenta indicates basic; and green indicates basic with hydroxyl or amine groups. B (i). The 
original Dynamin-1 like protein (DLP-1) structure of H. sapiens (NP_001265392.1) from the NCBI 
structure database. B (ii). The Phyre2 web portal for protein modelling, prediction and analysis 
mediated the development of a model of the Drp1 protein of D. melanogaster (NP_608694.2) 
from a 76% identical protein with a confidence of 100%. The N terminus is coloured in Magenta; 
C terminus is coloured in Red and a consensus ATG8 binding region at N terminus is coloured in 
orange.  

 



 
 

68 

The overexpression and inhibition of Drp1 with Ddc-Gal44.3D  
In these experiments, the control Ddc-Gal44.3D; UAS-lacZ critical class males were determined to 

have a median lifespan of 68 days (n=340). The overexpression of Drp1 by the Ddc-Gal4 transgene 

results in a decreased lifespan of 56 days in 314 flies, much lower compared to the control as 

determined by log-rank (Mantel-Cox) test with a P-value at <0.0001 (Figure 2.2A). Inhibition of 

Drp1 by two distinct RNAi transgenes, via the UAS-Drp1-RNAi1 and UAS-Drp1-RNAi2 directed by 

the Ddc-Gal4 transgene, results in median lifespans of 70 (n=377) and 72 days (n=323), 

respectively; very similar to the control (Figure 2.2A) as determined by log-rank (Mante-Cox) test 

with P-value 0.0566 and 0.0213. The non-linear fitting of the climbing curve shows that altering 

the Drp1 expression have compromised the climbing ability phenotype compared to control at 

95% CI (P- value <0.0001) (Figure 2.2B) (n=50). 
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Figure 2.2 Altered Drp1 expression under the control of Ddc-Gal44.3D influences the survival and 
climbing ability of flies. A). The GraphPad prism8 generated graph of the longevity assay for the 
expression of Drp1, Drp1 RNAi’s under the control of Ddc-Gal4 transgene. The directed expression 
results in decreased median lifespan of 56 days compared to 68 days of control calculated by Log-
rank Mantel Cox test, with Bonferroni correction. The inhibition of Drp1 under the control of Ddc-
Gal4 transgene results in lifespan of 70 days with UAS-Drp1-RNAi1 and 72 days with UAS-Drp-
RNAi2 compared to 68 days of control done by Log-rank Mantel Cox test, with Bonferroni 
correction. B). The GraphPad prism8 generated graph of the climbing abilities of flies with 
overexpression of Drp1, Drp1 RNAi’s and control. The climbing ability of Drp1 overexpression and 
Drp1 RNAi’s flies have decreased compared to control as determined in nonlinear fitting of the 
climbing curve by 95% confidence interval (p-value <0.0001).  
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The altered co-expression of Drp1 along with parkin-RNAi with Ddc-Gal44.3D 
The loss of function of parkin has led to the establishment of a number of Drosophila models of 

PD. The Ddc-Gal44.3D parkin-RNAi UAS-lacZ critical males were determined to have a median 

lifespan of 60 days (n=259). The overexpression of UAS-Drp1 along with UAS-parkin-RNAi under 

the direction of the Ddc-Gal4 transgene has a median life span of 58 days (n=258), similar to the 

control with a P-value of 0.0026. The inhibition of Drp1 by the two RNAi transgenes, UAS-Drp1-

RNAi1JF02762 and UAS-Drp1-RNAi2HMC03230, results in much longer median lifespans of 84 (n=283) 

and 76 days (n=277) respectively, compared to the control (Figure 2.3A) as determined by log-

rank (Mantel-Cox) test with a P-value at <0.0001. (Figure 2.3A). The overexpression of Drp1 by 

Ddc-Gal4 along with parkin-RNAi slightly increases the climbing ability over time. However, the 

locomotor activity of the critical classes with the directed expression of the Drp1-RNAi transgenes 

are rescued compared to control (Figure 2.3B). 
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Figure 2.3. Altered Drp1 expression when coupled with Ddc-Gal44.3D parkin-RNAi influences the 
survival and climbing ability of flies. A). The graph of longevity assay generated by GraphPad 
prism8 with altered Drp1 expression in Ddc-Gal4 parkin-RNAi expressing flies. The overexpression 
results in median lifespan of 58 days similar to 60 days of control (lacZ/parkin-RNAi) determined 
by Log-rank Mantel-Cox test, with Bonferroni correction. The inhibition of Drp1 in neurons using 
Ddc-Gal4 transgene along with parkin-RNAi results in increased lifespan of 84 days with UAS-Drp1-
RNAi1 and lifespan of 76 days with UAS-Drp1-RNAi2 compared to 60 days of control done by Log-
rank Mantel Cox test, with Bonferroni correction. B). The GraphPad prism8 generated graph of the 
climbing abilities of flies with overexpression of Drp1, Drp1 RNAi and control. The climbing abilities 
of and Drp1 RNAi flies has rescued compared to control as determined in non-linear fitting of the 
climbing curve by 95% confidence interval.  
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Overexpression of Drp1 during development of the eye decreases ommatidia and bristle number 
The inhibition and overexpression of Drp1, directed by the GMR-Gal4 transgene in the developing 

eye of flies affects development. The expression of UAS-Drp1 and UAS-Drp1-RNAi1 in developing 

eye directed by GMR-Gal4 transgene results in higher mean number of ommatidia, 716.9 and 

718.8, respectively compared to 703 for the lacZ control flies (Figure 2.4B) as determined by 

unpaired t-test with a P value of 0.0483 and 0.0484. The mean of interommatidial bristle produced 

through inhibition by the UAS-Drp-RNAi1 and UAS-Drp1-RNAi2 transgene was higher at and 556.7 

(P-value= 0.0406) and 578.7 (P-value=0.0023) compare to 536 of control flies as determined by an 

unpaired t-test. The mean number of interommatidial bristle for UAS-Drp1 flies was 541.6 similar 

to 536 of control, as determined by an unpaired t-test (P-value= 0.6128). The ommatidia area of 

the control was 200um2 per ommatidium, the overexpression of Drp1 has 213.7 um2 (P value 

=0.0303) and the ommatidium area produced by the UAS-Drp1-RNAi JF02762 and UAS-Drp1-

RNAi2HMC03230 transgenes were 225 um2 (0.0490) and 217 um2 (P-value=0.0011), slightly increased 

compared to control as determined by unpaired t-test (Figure 2.4D).  
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Figure 2.4 The phenotypic effects of altered Drp1 expression in D. melanogaster eye. A). Scanning 
electron micrograph of the altered Drp1 expression under the control of GMR-Gal4 transgene. The 
genotypes are (a) GMR-Gal4/UAS-lacZ (Control); (b) GMR-Gal4/UAS-Drp1; (c) GMR-Gal4/UAS-
Drp1-RNAi1 (d) GMR-Gal4/UAS-Drp1-RNAi2. B). The ommatidia number for control is 703±13.7, 
the inhibition and expression of Drp1 results in slight increase ommatidial count compared to 
control. C. The interommatidial bristle count for the control is 536±27.6 and the overexpression 
line has 541.6±24; inhibition lines have interommatidial bristle slightly more at mean value of 
556.7±17.7 and 578±14. D. The ommatidium area of the Drp1 expression transgene GMR-Gal4 
UAS-Drp1 and the inhibition transgenes GMR-Gal4 UAS-Drp1-RNAi1 and GMR-Gal4 UAS-Drp1- 
RNAi2 are slightly higher compared to control (GMR-Gal4 UAS lacZ).   
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Discussion 
 

The critical role of the structure of the mitochondria in the function of this organelle suggests that 

the product of the Drp1 gene acts as an essential component in the regulation of a number of sub-

cellular processes. Excessive mitochondrial fragmentation is associated with dysfunctional 

metabolic diseases and a “hyper-fused” mitochondrial network serves to protect from metabolic 

insult and autophagy (Wai and Langer 2016). In the skeletal muscle of mice, Drp1 overexpression 

causes the severe impairment of post-natal muscle growth as the syntheses of protein is 

attenuated and growth hormone pathways are down regulated (Touvier et al. 2015). The high fat 

and high glucose diet cause excessive oxidative stress and mitochondrial fragmentation mediated 

by the Drp1 protein (Yu et al. 2006; Sun et al. 2020). These phenotypes are similar to the increased 

activity of Drp1 in COS and PC12 cells (Cribbs and Strack 2007). The effect of Drp1 overexpression 

and consequently excessive mitochondrial fragmentation is toxic upon physiological processes. 

 

The balance between mitochondrial fission and fusion is very delicate. Drp1 is essential for 

embryonic development in mice such that homozygous mutants or knockout Drp1 mice die during 

embryogenesis (Ishihara et al. 2009). The Drp1 protein assists in caspase-independent 

mitochondrial fission to amplify apoptosis (Oettinghaus et al. 2016). The acute overexpression and 

inhibition of the Drp1 gene has shown similar phenotypes in mice (Favaro et al. 2019), most likely 

due to an extreme disruption in mitochondrial morphology. Besides an increase in Drp1 expression 

in midlife can have beneficial effects on health-span of Drosophila (Rana et al. 2017), which 

confirms the sensitivity of the process towards cell death and cell survival outcome. In my 

experiments, the lifespan and climbing ability of flies that overexpress Drp1 was significantly 
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decreased when compared to controls, which may be due to elevated oxidative stress beyond a 

threshold for a normal lifespan. The inhibition of Drp1 in DA neurons through the directed 

expression of the Drp1-RNAi’s results in a slight increase in lifespan but compromised the climbing 

ability. Drp1 overexpression and inhibition, slightly influence the number of ommatidia, 

interommatidial bristles, and ommatidium area when expressed under the control of the GMR-

Gal4 transgene. The well-documented function of Drp1 is the promotion of mitochondrial fission 

and the inhibition of mitochondrial fusion (Chang and Blackstone 2010). Mitochondria host a 

number of cellular processes, especially oxidative phosphorylation, and are thus under continuous 

cellular stress and require repair and replacement (Lambert and Brand 2009; Murphy 2009; Dan 

Dunn et al. 2015). The lower tolerance of mitochondria to fission, compared to fusion, suggests 

that a continuous network of mitochondria can survive greater injury due to a lower rate of 

mitophagy and a slower rate of mitochondrial biogenesis, up-to an optimum level. The 

overexpression of Drp1 results in the excessive fragmentation of the mitochondria such that its 

efficiency can be diminished to the point that functional complementation by fellow mitochondria 

is negligible. Mitochondria can become a distinct burden for the cell to upkeep instead of being 

an efficient “powerhouse of the cell”. Clearly, the level of Drp1 expression plays a key role in cell 

survival. 

 

The parkin gene is crucial to the function of Pink1-dependent mitochondrial mitophagy. The loss 

of the parkin protein is a cause of great cellular stress as a major mechanism that controls 

mitophagy is compromised with one potential result being the accumulation of non-functional 

mitochondria. Under normal circumstances, the parkin-encoded ubiquitin ligase recruits the Drp1 
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protein to mediate mitochondrial fragmentation during mitophagy (Buhlman et al. 2014; Wang et 

al. 2018). In mouse embryonic fibroblasts, loss of parkin does not produce visible effects upon the 

net number of mitochondria (Roy et al. 2016). Furthermore, the loss of parkin along with the loss 

of Drp1 increases the number of mitochondria by threefold, which can be interpreted that parkin 

controls mitochondria fragmentation in a Drp1 knockout background (Roy et al. 2016). Therefore, 

parkin may negatively regulate, the Drp1-independent mitochondrial division. Alternatively, parkin 

may direct the ubiquitination of mitochondrial Drp1 protein to lead its proteasomal mediated 

degradation (Poole et al. 2010) and, hence, the activity of Drp1 protein on mitochondria is higher 

in Drp1-parkin co-inhibition state as compared to the inhibition of Drp1 alone. In my experiments, 

the critical class flies that have the directed co-expression of Drp1-RNAi and parkin-RNAi inhibitory 

transgenes live longer than those that express parkin-RNAi and Drp1-RNAi under the Ddc-Gal4 

transgene individually; this novel result support the hypothesis that the basic mechanism of PD-

like phenotypes may be conserved among mammals (Rappold et al. 2014; Filichia et al. 2016) and 

diptera. The rescue health-span signifies improved proteostasis, mitophagy, mitochondrial 

dynamics and health. This could be due to the establishment of an altered mitochondrial network 

to enhance homeostasis and benefit cellular health. Further study will be required to determine 

the relationship between Drp1 and parkin. Regardless of the underlying mechanism, my work 

provides strong evidence of important therapeutic target for maintaining mitochondrial health. 
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 Genotype Median 
lifespan 

Lifespan 
Increased/ 
Decreased 

Climbing 
Increase/ 
decrease 

Control Ddc-Gal4.3D; lac Z 68 days    
Experiment Ddc-Gal4.3D; UAS-Drp1 56 days  Decreased 

<0.0001 
Decreased 
<0.0001 

 Ddc-Gal4.3D; UAS-Drp1-
RNAi-1JF02762 

70 days  Similar to 
control 

Decreased 
<0.0001 

 Ddc-Gal4.3D; UAS-Drp1-
RNAi-2HMC03230 

72 days  Similar to 
control 

Decreased 
<0.0001 

Control Ddc-Gal4.3D; UAS-park-
RNAi; lacZ 

60 days    

Experiment Ddc-Gal4.3D; UAS-park-
RNAi; UAS-Drp1 

58 days  Similar to 
control 

Increased 

 Ddc-Gal4.3D; UAS-park-
RNAi; UAS-Drp1-RNAi-
1JF02762 

84 days  Increased Increased 

 Ddc-Gal4.3D; UAS-park-
RNAi; UAS-Drp1-RNAi-
2HMC03230 

76 days  Increased Increased 

 
Table 2.1 Summary of the Results. The effect of the altered expression of Drp1 directed by Ddc-
Gal44.3D and altered expression of Drp1 along with parkin-RNAi directed by Ddc-Gal44.3D transgene 
on median lifespan and climbing ability of the critical class male flies. The Cells with blue highlight 
denote control; Orange highlight denotes the decreased compared to control; Green highlights 
denote the increase compared to control, and yellow highlights denote the resulting longevity and 
climbing ability is very similar to control.  
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Conclusion 
Although closely associated with cell death pathways in neurons, Drp1 has not been identified as 

a major gene in the development of Parkinson disease. The overexpression of the Drp1 gene in 

neurons can result in reduced survival over time and an age-dependent decline in locomotor 

ability. The inhibition of Drp1 by the Drosophila Ddc-Gal4 transgenes results in an age-dependent 

loss in climbing ability, phenotypes that are strongly associated with neuronal degeneration and 

Parkinson-like disease. Thus, the compromised climbing abilities in flies with directed inhibition of 

Drp1 have produced a new model of Parkinson Disease which can be used to further the 

investigation of the mechanisms underlying PD and other neurodegenerative diseases. The co-

inhibition of the parkin with Drp1 results in the rescue of the phenotypes observed, thus it is 

possible that Drp1 and parkin can participate in cellular pathways that promote cell death. Further 

studies are required to explore the interactions between parkin and Drp1 in these neurons. 

Overall, my experiments contribute to the understanding of mitochondrial health and enhanced 

conditions of homeostasis. 
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Chapter 3: Altered Buffy and Debcl expression suppresses Drp1 
gain and loss of function phenotypes in Drosophila 
 
A version of this chapter is submitted as: Hasan, A., and Staveley, B.E. 2021.  
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Abstract  
The Drp1 protein directly regulates mitochondrial dynamics and is crucial for apoptosis, autophagy 

and the maintenance of mitochondrial health. Mutations in Drp1 can lead to mitochondrial 

dysfunction to promote the loss of neurons. The Drp1 protein can interact with members of the 

Bcl-2 family proteins in the initiation and progression of mitochondrial-induced apoptosis. The 

Ddc-Gal4 transgene was exploited to direct the expression of Drp1; and the inhibition of Drp1 

function utilizing specific RNAi transgenes in neurons. The overexpression of Drp1 under the 

control of Ddc-Gal4, in populations of neuronal cells that include dopamine-producing neurons, 

can severely reduce median lifespan and cause locomotor dysfunction. The phenotypes produced 

by overexpression of Drp1 can be suppressed either when the pro-survival Bcl-2 homologue Buffy 

is overexpressed or when the pro-cell death Bcl-2 homologue Debcl is inhibited in these tissues. 

The inhibition of Drp1 seems to compromise locomotor function throughout life but does not 

seem to affect longevity. The expression of pro-survival Buffy suppresses the compromised 

climbing phenotype induced by the loss of Drp1 function while the median lifespan is reduced. 

The inhibition of Buffy expression acts to further decrease median lifespan and climbing ability 

compared to control. Alteration of the expression of Drp1 acts to phenocopy a Parkinson Disease 

phenotype in Drosophila, while overexpression of Buffy can counteract these phenotypes to 

improve the overall health-span of the organism. Likely the pro-survival effect of Buffy can rescue 

the phenotypic effect due to the Drp1 induced excessive apoptosis. 
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Introduction 
The dynamic nature of the mitochondria population is critical to the integrity of the subcellular 

network structures that this organelle maintains and to control the quality of mitochondrial 

proteins and other components (Wikstrom et al. 2013; Ikeda et al. 2015; Schmitt et al. 2018). In 

response to a series of molecular cues (Karbowski et al. 2002; Maes et al. 2019), the mitochondrial 

network participates in a delicate balance of continuous division and fusion processes (Lee et al. 

2007). The mitochondrial fission protein Drp1 is a member of a GTPase family of proteins and 

functions in a manner similar to other dynamin protein family members (Ingerman et al. 2005; 

Chapter 2). The Drp1 monomers are localized to the cytoplasm and actively cycle on and off at the 

sites of division of the mitochondrial tubules. Blocking the GTPase activity of the Drp1 protein can 

act to inhibit the fission of the mitochondria (Suen et al. 2008). For the most part, the activation 

of the Drp1 protein is regulated through two very well-conserved phosphorylation sites (Chang 

and Blackstone 2007a, 2007b; Cribbs and Strack 2007). As well, Drp1 undergoes the distinct post-

translational modification of SUMOylation to promote programmed cell death (Suen et al. 2008). 

The early events that occur during apoptosis include cristae remodeling, mitochondrial 

fragmentation, caspase activation and membrane “blebbing” or zeiosis (He et al. 2009). 

Fragmentation of mitochondria is invariably associated with the early stages of the process of 

intrinsic apoptosis (Suen et al. 2008). Drp1 downregulation directed by RNA-interference or by 

expression of a dominant-negative mutant form of Drp1, can slow the rate of mitochondrial 

fragmentation and the cascade of apoptotic events (Estaquier and Arnoult 2007; Wu et al. 2011; 

Wang et al. 2015). The activity of Drp1 promotes caspase-independent mitochondrial fission and 

cristae remodeling to amplify apoptosis instigated by either the activity of the pro-apoptotic 
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protein BID or by oxidative stress (Oettinghaus et al. 2016). Overall, the process of mitochondrial 

fission plays a multifaceted role in the amplification of the essential cellular process of apoptosis. 

 

The roles of a number of mitochondrial fission and fusion proteins during apoptosis have been 

well studied. One such process involves the recruitment of the mitochondrial fission protein, Drp1, 

to the Mitochondrial Outer Membrane (MOM) by association with Outer Mitochondrial 

Membrane (OMM) proteins to promote fission (Chan 2012). The mechanism of Drp1 recruitment 

on MOM is not clearly understood; although this action is regulated by a post-translational 

modification process, specifically through protein phosphorylation (Cribbs and Strack 2007; 

Cereghetti et al. 2008). The activity of Drp1 is governed by the summation of the activity of several 

critical signalling pathways. Select Bcl-2 family proteins are essential in these pathways and act to 

protect the mitochondria through the regulation of mitophagy and apoptosis (Hardwick and Soane 

2013). The Bcl-2 family proteins interact with Drp1, and Drp1 can promote apoptosis in Bcl-2 

protein-dependent and independent manners (Cassidy-Stone et al. 2008; Oettinghaus et al. 2016). 

The two Bcl-2 family homologues in Drosophila melanogaster are Buffy (anti-apoptotic) and Debcl 

(pro-apoptotic). The Debcl protein can interacts with Drp1 in Drosophila to activate apoptosis via 

the JNK pathway (Clavier et al. 2015). The Bcl-2 family of proteins have up to four BH domains, 

BH1, BH2, BH3 and BH4 and the two Bcl-2 proteins in D. melanogaster have all four BH domains. 

The BH3 domains are critical for pro-apoptotic functions (Chittenden 2002). At one time, the BH4 

domain was associated exclusively with the anti-apoptotic function of some Bcl-2 family proteins 

(Liu et al. 2016). The direct and indirect interaction of Bcl-2 family proteins and Drp1 is significant 

in the regulation of the balance between mitochondrial health and apoptosis. 
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The inhibition of Drp1 has been shown to suppress parkin (park) mutant phenotypes (Chapter 2) 

which suggests a role for this protein in 1) in a pathway that regulates mitochondrial health and 

integrity and in 2) in interactions with mitochondrial proteins. The anticipated role of the 

mitochondria in PD pathogenesis has made the study of the interaction of Drp1 and Bcl-2 family 

genes important to the modelling of this disease in Drosophila. I utilized Drosophila melanogaster 

as a model organism to study the phenotypic effects of the interactions of these genes. In my 

experiments, I exploited the UAS-Gal4 system to direct the expression and inhibition of the Buffy 

and Debcl in selected neuronal tissues using the Ddc-Gal4 transgene. Here, I propose that the Drp1 

overexpression phenotype is due to excessive activities related to apoptosis and can be rescued 

by the appropriate regulation by anti-apoptotic Bcl-2 gene, Buffy. The phenotype produced in 

response to the expression of Drp1-RNAi is anticipated due to the diminishment of mitochondrial 

integrity and maybe rescued through modification of the responsible signalling pathway. The 

careful regulation of mitochondrial dynamics is important to control mitochondrial induced 

defects. 

 

Material and Methods 
 

Drosophila media and culture 
All stocks were maintained on a standard media prepared from cornmeal/molasses/yeast/agar 

medium treated with propionic acid and methylparaben to resist fungal growth. Aliquots of media 

were poured into plastic vials, allowed to solidify, and refrigerated at 4°C until used. Stocks are 

kept at room temperature while crosses and experiments were carried out at 25°C. The UAS-Drp1 
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(y[1] w[*]; P{w[+mC]=FLAG-FlAsH-HA-Drp1}3, Ki[1]); the UAS-Drp1-RNAi1JF02762 (y[1] v[1]; 

P{y[+t7.7] v[+t1.8]=TRiP.JF02762}attP2}), UAS-Drp1-RNAi2HMC03230 (y[1] v[1]; 

P{y[+t7.7]v[+t1.8]=TRiP.HMC03230}attP40), the UAS-Buffy (w[*]; P{w[+mC]=UAS-Buffy.S}E1); 

UAS-Buffy-RNAi (w[*]; P{w[+mC]=UAS-Buffy.RNAi}3), UAS-DebclEY05743 (y[1] w[67c23]; 

P{y[+mDint2] w[+mC]=EPgy2}Debcl[EY05743]), Ddc-Gal44.3D(w[1118]; P{w[+mC]=Ddc-

GAL4.L}4.3D) and UAS lacZ4-1-2; stocks were obtained from Bloomington Drosophila Stock Center 

at Indiana University, Bloomington, Indiana, USA. The UAS-Debcl-RNAiv47515 (w1118; P{GD 

1637}v47515) was obtained from Vienna Drosophila Resource Center. The Ddc-Gal4/CyO; UAS-

Drp1/TM3, Ddc-Gal4/CyO; UAS-Drp1-RNAi /TM3, derivative lines were generated using standard 

recombination methods (Githure and Staveley 2016) and used to overexpress or inhibit Drp1 in 

the selected DA neurons using the Ddc-Gal44.3D transgene. 

 

Ageing assay 
Several crosses of virgin females and males were made, and a cohort of critical class males 

collected upon eclosion. At least 250 flies were aged per genotype in the cohorts of 25 or less per 

vial on fresh media, replenished every two-five day to avoid crowding. Flies were observed and 

scored every two days for the presence of deceased adults. As a rule, flies were considered dead 

when they did not display movement upon agitation (Todd and Staveley 2004, 2012). Longevity 

data were analyzed using GraphPad Prism version 8 statistical software (graphpad.com), and 

survival curves were compared by the Mantel-Cox test. Significance were determined at a 95% 

confidence level (P ≤ 0.05) with Bonferroni correction. 
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Climbing assay 
The 70 critical class male flies were collected within 24 hours and maintained as ten flies per each 

vial. The food was changed twice every week. Every week 50 males of each genotype were 

assayed, in groups of 10, for their ability to climb a glass tube divided into five levels of 2 cm each 

according to standard protocol (Todd and Staveley 2004, 2012). The climbing index was calculated 

for each week using GraphPad prism version 8 statistical software. The climbing curve was fitted 

using non-linear regression and determined at a 95% confidence interval (P ≤ 0.05).  

 

Results 
 

Alteration of the expression of Drp1 and Drp1-RNAi with the Ddc-Gal44.3D transgene 
In these experiments, the control Ddc-Gal44.3D; UAS-lacZ critical class males were determined to 

have a median lifespan of 62 days (n = 308). The directed inhibition of Drp1 by the Ddc-Gal4 

transgene results in a greater median lifespan of 70 days in 321 flies compared to the control as 

determined by log-rank (Mantel-Cox) test with P-value <0.0001 (Figure 3.1). In contrast, the 

directed expression of Drp1 by the Ddc-Gal4 transgene results in a reduced median lifespan of 56 

days in 255 flies compared to the control as determined by log-rank (Mantel-Cox) test with P-value 

<0.0001 (Figure 3.1A). Furthermore, the Ddc-Gal4 UAS-Drp1-RNAi UAS-lacZ critical class males 

have a median lifespan of 70 days in 310 flies. The overexpression of Drp1 along with UAS-Drp1-

RNAi under the direction of the Ddc-Gal4 transgene (Ddc-Gal4; UAS-Drp1-RNAi; UAS-Drp1) has a 

median lifespan of 64 days, similar to control (Ddc-Gal4; UAS-lacZ) with a P value of 0.0633 as 

determined by the Log-rank Mantel-Cox test with a Bonferroni correction (Figure 3.1A). The Ddc-

Gal4 UAS-Drp1 UAS-lacZ critical class males have a median lifespan of 58 days in 294 flies. The 
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inhibition of Drp1 along with UAS-Drp1 under the direction of the Ddc-Gal4 transgene (Ddc-Gal4; 

UAS-Drp1; UAS-Drp1-RNAi) has a median lifespan of 64 days (n=327), similar to control (Ddc-Gal4; 

UAS-lacZ) with a P value of 0.0582 as determined by the Log-rank Mantel-Cox test with a 

Bonferroni correction (Figure 3.1C). The non-linear fitting of the climbing ability curve shows the 

Drp1 expression and inhibition both have compromised the climbing ability phenotype compared 

to control at 95% CI (p <0.0001) (Figure 1B & D). The climbing ability curve of Ddc-Gal4 UAS-Drp1-

RNAi UAS-Drp1 and Ddc-Gal4 UAS-Drp1 UAS-Drp1-RNAi is very close to the control (Ddc-Gal4; 

UAS-lacZ) as determined by the non-linear fitting of the climbing curve at a 95% CI at P-value 

0.2752 and 0.0589, respectively.  
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Figure 3.1 The expression of Drp1 and Drp1-RNAi directed by the Ddc-Gal44.3D transgene. A) In 
control, Ddc-Gal44.3D UAS-lacZ critical class males resulted in a median life span of 62 days (n=308). 
Expression of Drp1 in Ddc-Gal44.3D resulted in a median life span of 56 days (n=310), much lower 
than the lacZ-expressing control; expression of Drp1 in Ddc-Gal44.3D UAS-Drp1-RNAi resulted in a 
median life span of 64 days (n=250) very similar to control (Ddc/lacZ) as determined by the Log-
rank Mantel-Cox test (p value=0.0633) with Bonferroni correction. The graph of the longevity assay 
was generated by GraphPad prism8. B) The Ddc-Gal44.3D flies express UAS-lacZ in control flies. The 
climbing abilities of Ddc-Gal44.3D UAS-Drp1 expressing flies have decreased compared to control 
as determined in the non-linear fitting of the climbing curve by a 95% confidence interval 
(p<0.0001). The flies' climbing ability expressing Drp1 in Ddc-Gal44.3D UAS-Drp1-RNAi transgene is 
similar to control as determined in the non-linear fitting of the climbing curve by a 95% confidence 
interval at P value=1.309. The graph of longevity assay was generated by GraphPad prism8 non-
linear regression curve. C) In control, Ddc-Gal44.3D UAS-lacZ critical class males resulted in a median 
life span of 62 days (n=308). Expression of Drp1-RNAi in Ddc-Gal44.3D resulted in a median life span 
of 70 days (n=321), much higher compared to the control; expression of Drp1-RNAi in Ddc-Gal44.3D 
UAS-Drp1 resulted in a median life span of 64 days (n=327), very similar to control (Ddc/lacZ) as 

 

 
C) 

D) 
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determined by the Log-rank Mantel-Cox test (p value=0.0582) with Bonferroni correction. The 
graph of the longevity assay was generated by GraphPad prism8. D) The Ddc-Gal44.3D flies express 
UAS-lacZ in control flies. The climbing abilities of Ddc-Gal44.3D UAS-Drp1-RNAi expressing flies have 
decreased compared to control as determined in the non-linear fitting of the climbing curve by a 
95% confidence interval (p<0.0001). The flies' climbing ability expressing Drp1-RNAi in Ddc-Gal44.3D 

UAS-Drp1 transgene is similar to control (Ddc/lacZ) as determined in the non-linear fitting of the 
climbing curve by a 95% confidence interval at p value=0.0027. The graph of longevity assay was 
generated by GraphPad prism8 non-linear regression curve.  
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Altering the expression of Buffy and Debcl in combination with Drp1 directed by the Ddc-Gal44.3D 
transgene 
The control Ddc-Gal44.3D; UAS-Drp1; UAS-lacZ critical class males were determined to have a 

median lifespan of 58 days (n=282). The overexpression of Buffy along with UAS-Drp1 under the 

direction of the Ddc-Gal4 transgene (Ddc-Gal4; UAS-Drp1; UAS-Buffy) has a median lifespan of 68 

days (n=255), much higher compared to control with a P value of <0.0001 as determined by log-

rank (Mantel-Cox) test with a Bonferroni correction. The inhibition of Buffy along with UAS-Drp1 

under the direction of the Ddc-Gal4 transgene (Ddc-Gal4; UAS-Drp1; UAS-Buffy-RNAi) has a median 

lifespan of 52 days (n=274), much less compared to the control (Figure 3.2A) with a P value 0.0125 

as determined by log-rank Mantel-Cox test with a Bonferroni correction. The overexpression of 

Buffy in neurons rescued the early onset of impairment in the climbing ability of Ddc-Gal4; UAS-

Drp1 flies. The non-linear fitting of the climbing curve shows Buffy overexpression has rescues the 

climbing ability defect compared to control at 95% CI (p <0.0001) (Figure 2B). The inhibition of 

Buffy by Ddc-Gal4 UAS-Drp1; UAS-Buffy-RNAi further contributes to loss of the climbing ability 

throughout the life of critical class flies compared to control at 95% CI at a P-value 0.0125 (n=50) 

(Figure 3.2B). 

The overexpression of Debcl along with UAS-Drp1 under the direction of Ddc-Gal4 transgene (Ddc-

Gal4; UAS-Drp1; UAS-Debcl EY05743) has a median lifespan of 60 days (n=331 flies), similar to the 

control (Figure 3.2A) with a P value at 0.0114 as determined by log-rank Mantel-Cox test with 

Bonferroni correction. The inhibition of Debcl, along with UAS-Drp1 under the direction of the Ddc-

Gal4 transgene (Ddc-Gal4; UAS-Drp1; UAS-Debcl-RNAi v47515) has a median lifespan of 66 days 

(n=303), much higher compared to the control (Figure 3.2A) with a P value at 0.0004 as 

determined by log-rank Mantel-Cox test with Bonferroni correction. The non-linear fitting of the 
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climbing curve shows Debcl overexpression has no change in the climbing ability defect compared 

to control at 95% CI (p=0.3293) (Figure 3.2B). The inhibition of Debcl by Ddc-Gal4 UAS-Drp1; UAS-

Debcl-RNAi v47515 has rescues the climbing ability throughout the life of critical class flies compared 

to control at 95% CI at a P-value 0.0057 (n=50) (Figure 3.2B). 
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Figure 3.2 Altered expression of Buffy and Debcl with UAS-Drp1 directed by the Ddc-Gal44.3D 
transgene. A. In control, Ddc-Gal44.3D; UAS-Drp1 UAS-lacZ critical class males resulted in a median 
life span of 58 days (n=282). The overexpression of Buffy results in a median lifespan of 68 days 
(n=375) compares to 58 days of control (P value=0.0002); the inhibition of Buffy directed by the 
Ddc-Gal44.3D UAS-Drp1 transgene results in the median lifespan of 52 (n=274), much less 
compared to control, determined by Log-rank Mantel-Cox test at P-value <0.0001, with Bonferroni 
correction. The overexpression of DebclEY05743 results in a median lifespan of 60 days (n=331) 
similar to 58 days of control determined by Log-rank Mantel-Cox test at P-value 0.3293; the 
inhibition of Debcl directed by the Ddc-Gal4 UAS-Drp1 transgene result in the median lifespan of 
66 (n=303); much higher than control, determined by Log-rank Mantel-Cox test at P value 0.0057, 
with Bonferroni correction. B The GraphPad prism8 generated graph of the climbing abilities of 
Ddc-Gal4 -Drp1 flies with the expression of Buffy, Buffy-RNAi, DebclEY05743, Debcl-RNAiv47515 and 
control. The climbing abilities of flies overexpressing Buffy have rescued compared to control as 
determined in the climbing curve's non-linear fitting by a 95% confidence interval (p<0.0001). The 
climbing ability of the flies was further weakened by the expression of UAS-Buffy-RNAi as 
determined in the non-linear fitting of the climbing curve by a 95% confidence interval at a p-value 
0.0125 and 0.03293 respectively (n=50). The climbing abilities of flies expressing Debcl-
RNAiv47515has rescued compared to control as determined by the non-linear fitting of the climbing 
curve by a 95% confidence interval (p value=0.0057). The graph of longevity assay was generated 
by GraphPad prism8 non-linear regression curve.  

 

 
A) 
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Altering the expression of Buffy and Debcl along with Drp1-RNAi by Ddc-Gal44.3D transgene 
The control Ddc-Gal44.3D; UAS-Drp1-RNAi; UAS-lacZ critical class males were determined to have a 

median lifespan of 70 days (n=323). The overexpression of Buffy along with UAS-Drp1-RNAi under 

the direction of the Ddc-Gal4 transgene (Ddc-Gal4; UAS-Drp1-RNAi; UAS-Buffy) has a median 

lifespan of 64 days (n=308), much lower compared to control with a P value of <0.0001 as 

determined by log-rank (Mantel-Cox) test with a Bonferroni correction. The co-inhibition of Buffy 

and Drp1 under the direction of the Ddc-Gal4 transgene (Ddc-Gal4; UAS-Drp1-RNAi; UAS-Buffy-

RNAi) has a median lifespan of 62 days (n=273), much less compared to the control (Figure 3.3A) 

with a P value at <0.0001 as determined by log-rank Mantel-Cox test with a Bonferroni correction. 

The non-linear fitting of the climbing curve shows Buffy overexpression has rescued the climbing 

ability defect compared to control at 95% CI (p <0.0001) (Figure 2B). The inhibition of Buffy by 

Ddc-Gal4 UAS-Drp1-RNAi; UAS-Buffy-RNAi further contributes to loss of the climbing ability 

throughout the life of critical class flies compared to control at 95% CI at a P-value <0.0001 (n=50) 

(Figure 3.3B). 

The overexpression of Debcl along with UAS-Drp1-RNAi under the direction of Ddc-Gal4 transgene 

(Ddc-Gal4; UAS-Drp1-RNAi; UAS-Debcl EY05743) has a median lifespan of 68 days (n=156 flies), similar 

to the control (Figure 2A) with a P value at 0.0003 as determined by log-rank Mantel-Cox test with 

Bonferroni correction. The inhibition of Debcl, along with UAS-Drp1-RNAi under the direction of 

the Ddc-Gal4 transgene (Ddc-Gal4; UAS-Drp1-RNAi; UAS-Debcl-RNAi v47515) results in a median 

lifespan of 72 days (n=321), higher compared to the control (Figure 3.3A) with a P value at 0.0211 

as determined by log-rank Mantel-Cox test with Bonferroni correction. The non-linear fitting of 

the climbing curve shows Debcl overexpression has further increased the climbing ability defect 

compared to control at 95% CI (p=0.0004) (Figure 3B). The inhibition of Debcl by Ddc-Gal4 UAS-
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Drp1-RNAi; UAS-Debcl-RNAi v47515 has rescued the climbing ability throughout the life of critical 

class flies compared to control at 95% CI at a P-value 0.0211 (n=50) (Figure 3.3B). 
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. 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Altered expression of Buffy and Debcl with UAS-Drp1-RNAi directed by the Ddc-Gal44.3D 
transgene. A. In control, Ddc-Gal44.3D; UAS-Drp1 transgene results in the median lifespan of 62 
(n=273), determined by Log-rank Mantel-Cox test at P-value <0.0001, with Bonferroni correction. 
The overexpression of DebclEY05743 results in a median lifespan of 68 days (n=331) much higher 
compared to control as determined by Log-rank Mantel-Cox test at P-value 0.0003; the inhibition 
of Debcl directed by the Ddc-Gal4; UAS-Drp1 transgene result in the median lifespan of 72 (n=303); 
similar to control, determined by Log-rank Mantel-Cox test at p-value 0.021, with Bonferroni 
correction. B The GraphPad prism8 generated graph of the climbing abilities of Ddc-Gal4 UAS-Drp1 
flies with the expression of Buffy, Buffy-RNAi, DebclEY05743, Debcl-RNAiv47515 and control. The 

 

 
A) 

B) 



 
 

100 

climbing abilities of flies overexpressing Buffy have rescued compared to control as determined in 
the climbing curve's non-linear fitting by a 95% confidence interval (p<0.0001). The climbing ability 
of the flies has further diminished through the expression of UAS-Buffy-RNAi and UAS-DebclEY05743 
as determined in the non-linear fitting of the climbing curve by a 95% confidence interval at a p-
value 0.0004 and 0.0002 respectively (n=50). The climbing abilities of flies expressing Debcl-
RNAiv47515has rescued compared to control as determined by the non-linear fitting of the climbing 
curve by a 95% confidence interval (p value<0.0001). The graph of longevity assay was generated 
by GraphPad prism8 non-linear regression curve.  
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Discussion 
The protein product of the Drp1 gene is involved in the processes of mitochondrial fission, 

apoptosis, and mitophagy along with the participation of other mitochondrial protection proteins. 

In humans, the protein kinase PKA phosphorylates and inactivates the pro-apoptotic Bcl-2 family 

protein Bad (Virdee et al. 2000) and the mitochondrial fission protein Drp1 (Cereghetti et al. 2008) 

in a complex effort to promote cell survival. The co-expression of Drp1-RNAi along with Drp1 

overexpression in flies has resulted in the phenotypes that are similar to the control and suggests 

that these phenotypes are primarily due the changes in expression of Drp1. I investigated the 

effect of the altered expression of Buffy and Debcl upon Drp1-induced phenotypes in the 

dopaminergic (DA) neurons. The Bcl-2 family proteins assist the pro-fission activity of Drp1 in 

apoptotic cells of worms and mammals (Rolland and Conradt 2010). However, in non-apoptotic 

cells of mammals, Bcl-2 family proteins have both pro-fission and pro-fusion activity (Rolland and 

Conradt 2010). The overexpression of Drp1 in selected neurons along with Buffy overexpression 

or Debcl inhibition has resulted in a much-increased lifespan and climbing ability over-time. In 

supportive experiments, Buffy inhibition and Debcl overexpression resulted in a shortened lifespan 

and impaired climbing ability over-time. The conclusion that Buffy functions as the antithesis of 

Debcl (Quinn et al. 2003) is anticipated by the phenotype. The rescue of the Drp1 expression 

phenotype is in accordance with the role of Buffy as the guardian of mitochondria. As proteins, 

Buffy interacts with Debcl to inhibit Debcl-induced cell death (Quinn et al. 2003). At a molecular 

level, this could be due to the decrease in the activity of the Debcl protein, which cooperates with 

Drp1 to promote cell death (Clavier et al. 2015). The plausible interpretation is that a decrease in 

the pro-apoptotic signal helps to rescue the apoptotic phenotype generated by the overexpression 

of Drp1. 
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The involvement of the anti-apoptotic Bcl-2 family protein is an important aspect of mitochondrial 

protection. The pro-apoptotic Bcl-2 family protein assists in the permeabilization of the 

mitochondrial outer membrane to release proteins of the IMS, such as Cyt-c and AIF, into the 

cytosol, in turn to, initiate apoptosis (Green and Kroemer 2004). The pro-apoptotic Debcl protein 

acts to induces apoptosis through a caspase-independent mechanism that triggers the release of 

Cyt-C (Zhang et al. 2000) in a manner similar to activity of Drp1 (Oettinghaus et al. 2016). The 

overexpression of Debcl and Drp1 together in selected neurons does not alter the phenotype 

generated by overexpression of Drp1 without Debcl. This is not surprising as Drp1 and Debcl 

functions seem to cooperate to promote apoptosis (Clavier et al. 2015). Indeed, this and earlier 

studies have demonstrated that Drp1 can play various roles in mitochondrial fragmentation and 

apoptosis, to act in concert with anti- and pro-survival proteins, dependent upon the stimuli. 

 

The directed inhibition of Drp1 in a subset of neurons in Drosophila melanogaster results in an 

age-dependent loss in climbing ability, a phenotype strongly associated with the modelling of PD 

in flies. Like other genes with pro-survival characteristics, Buffy overexpression or Debcl inhibition 

seems to confer survival advantage by the restriction of the activity of cell death-promoting 

molecules. However, the overexpression of Buffy in neurons that co-express Drp1-RNAi led to a 

decrease in the median lifespan accompanied with a rescue of the impaired locomotor ability. The 

recovery in the age-dependent climbing ability over time may be evidence of a complicated 

regulatory relationship. The inhibition of Drp1 in selected neurons with pro-survival Buffy reduced 

the climbing ability. A study shows Drp1 inhibition reduces the total accumulation of pro-apoptotic 
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Bcl-2 protein, Bax, on mitochondria outer membrane in HeLa cell lines (Maes et al. 2019). This 

intermediate phenotype was not expected but may be important in the determination of the 

pathology of neurological diseases (Leuchter et al. 2014; Civelek and Lusis 2014). The 

overexpression of Buffy or inhibition of Debcl may have reduced further the mitochondrial 

fragmentation and the Debcl-induced apoptosis to a level that the consequence is a decrease in 

median lifespan. The inhibition of anti-apoptotic Buffy or overexpression of pro-apoptotic Debcl 

enhanced the loss of Drp1-induced phenotype. The interaction of Bax with Drp1 in mammals 

seems to evolve from the Debcl and Drp1 protein interactions during evolution. Drp1 protein 

interacts directly and indirectly with Bcl-2 family protein to facilitate MOMP in apoptotic cells 

(Rolland and Conradt 2010). Overall, I believe that I have established that anti-apoptotic activity 

of Buffy confers survival advantage to flies overexpressing Drp1 and provides a partially rescued 

intermediate phenotype in flies with a loss of Drp1 function. 
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 Genotype Median 

Lifespan 
Lifespan 
Increased/ 
Decreased 

Climbing 
Increase/ 
Decrease 

Control Ddc-Gal44.3D; UAS-Drp1; 
UAS-lacZ 

58 days   

Experiment Ddc-Gal44.3D; UAS-Drp1; 
UAS-Buffy 

68 days Increased Increased 

 Ddc-Gal44.3D; UAS-Drp1; 
UAS-Buffy-RNAi 

52 days Decreased Decreased 

 Ddc-Gal44.3D; UAS-Drp1; 
UAS- Debcl EY05743 

60 days Similar to control Similar to control 

 Ddc-Gal44.3D; UAS-Drp1; 
UAS- Debcl-RNAiv47515 

66 days Increased Increased 

     
Control Ddc-Gal44.3D; UAS-Drp1-

RNAi; UAS-lacZ 
70 days   

Experiment Ddc-Gal44.3D; UAS-Drp1-
RNAi; UAS-Buffy 

64 days Decreased Increased 

 Ddc-Gal44.3D; UAS-Drp1-
RNAi; UAS-Buffy-RNAi 

62 days Decreased Decreased 

 Ddc-Gal44.3D; UAS-Drp1-
RNAi; UAS-Debcl EY05743 

68 days Similar to control Decreased 

 Ddc-Gal44.3D; UAS-Drp1-
RNAi; UAS-Debcl-
RNAiv47515 

72 days Similar to control Increased 

 
Table 3.1 Summary of the Result. The effect of the altered expression of Buffy and Debcl genes 
directed by Ddc-Gal44.3D UAS-Drp1 and Ddc-Gal44.3D UAS-Drp1-RNAi transgene on median lifespan 
and climbing ability of the critical class male flies. The Cells with blue highlight denote control; 
Orange highlight denotes the decreased compared to control; Green highlights denote the 
increase compared to control, and yellow highlights denote the resulting longevity and climbing 
ability is very similar to control.  
  



 
 

105 

Conclusions  
Recent studies have recognized Drp1 as a PD-candidate gene, Drp1 seems to be associated with 

an increased risk of the disease (Filichia et al. 2016; Fan et al. 2019). My studies demonstrate that 

the overexpression and inhibition of the Drp1 activity in selected neurons can phenocopy the PD-

like symptoms in Drosophila and, therefore, may represent a novel model of PD. Importantly, the 

decrease in lifespan and age-dependent loss in climbing ability observed with overexpression of 

Drp1 in flies is rescued either by overexpression of Buffy or by Debcl inhibition. The age-dependent 

loss of climbing ability in flies expressing Drp1-RNAi can be rescued by Buffy overexpression or 

Debcl-RNAi-directed inhibition. Future studies of these interactions will be required to chart out a 

pathway for Drp1 and Bcl-2 protein regulation in Drosophila and, importantly, the molecular 

changes associated with the loss-of-function of these proteins in the development and function of 

DA neurons.  
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Chapter 4: The transcriptional regulator Rbf during healthy ageing 
in Drosophila: interactions with parkin, Buffy and Debcl  
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Abstract 
Mitochondrial health is maintained by mitochondrial proteins that counteract mitochondrial 

dysfunction caused by cellular stress due to the impairment of essential cellular pathways. The 

expression of Bcl-2 family genes, the ubiquitin ligase parkin and the transcription regulator Rbf/Rb 

has a significant role in mitochondrial and cellular survival. Under conditions of extreme cellular 

stress, mitochondria can act to promote apoptosis. The overexpression of Rbf in the dopaminergic 

neurons of Drosophila directed by Ddc-Gal4 can result in flies with a reduced median lifespan and 

impaired climbing ability over time: a novel Drosophila model of Parkinson Disease (PD). The 

inhibition of Rbf can lead to a premature reduction in locomotor ability compared to control. The 

overexpression of Rbf can rescue the neurodegenerative phenotypes induced due to the parkin 

loss of function. The expression of the pro-cell survival Bcl-2 family member Buffy and inhibition 

of the anti-apoptotic Debcl can rescue the longevity and impaired locomotor ability over time 

observed in the Rbf-RNAi induced model of PD. Overall, the alteration of expression of Rbf in 

selected neurons can produce a novel model of PD in Drosophila; the directed expression of Buffy 

can protect to counteract the Rbf-RNAi induced deficits in lifespan and climbing ability. 

Introduction 
Mitochondria is crucial in aerobic respiration and signalling processes. Poorly functioning 

mitochondria can contribute to a range of different pathologies, including AD, PD and other age-

related neurodegenerative diseases (Perier and Vila 2012). The health of the mitochondrial 

population is dependent upon crucial cellular processes. Cells utilize a variety of diverse 

mechanisms to upkeep a healthy and efficient mitochondrial network, such as the mitochondrial 

unfolded protein response (UPRmt), Ubiquitin Proteasome System, mitophagy and other aspects 

of mitochondrial dynamics (Chan 2012; Jovaisaite et al. 2014; Sugiura et al. 2014). The protein 
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parkin is a key regulator of the ubiquitin-proteasome system and mitophagy; besides, its mutant 

variants are responsible for some familial forms of PD. The Parkin protein is a part of an E3 

ubiquitin ligase complex that functions to target protein and organelles for degradation (Yoshii et 

al. 2011; Bingol and Sheng 2016). The loss of parkin gene activity is a common cause in the 

pathology of Parkinson disease. Loss of function of parkin can lead to the accumulation of 

substrates, such as Cyclin E, and the upregulation of the Akt pathway. Cyclin E phosphorylates the 

retinoblastoma (Rb) tumour suppressor protein, which then causes the release of the transcription 

factor E2F-1 (Höglinger et al. 2007; Feng et al. 2015). The unencumbered E2F-1 can trigger 

apoptosis in post-mitotic neurons, which is essentially the same as the death of dopaminergic (DA) 

neurons in PD patients (Höglinger et al. 2007; Feng et al. 2015). The Rb protein is a crucial regulator 

of cellular proliferation and apoptosis. 

 

The well-studied nuclear function of the Rb protein is transcriptional regulation via E2F1. The 

overexpression or inhibition of the Rb homologue in mice throughout development can have 

catastrophic effects that include lethality (Vooijs and Berns 1999; Lipinski and Jacks 1999). 

Interestingly, the recent examination of endogenous Rb protein activity has established that it has 

direct interactions with mitochondria as the Rb protein: can localize to near the mitochondrial 

surface; induce the MOMP; bind with the Bcl-2 family member Bax (in vitro and in vivo); induce 

apoptosis when in a form designed to be deficient of nuclear function and is targeted to 

mitochondria; suppress tumourigenesis (Hilgendorf et al. 2013). In Drosophila, Rbf, the orthologue 

of Rb, can decrease the transcription of anti-apoptotic Bcl-2 family protein Buffy (Clavier et al. 

2014) and promote the interaction of Debcl, the sole Drosophila pro-apoptotic Bcl-2 family protein 
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and Drp1, to promote apoptosis via JNK pathway by induction of the production of ROS (Clavier et 

al. 2015). Drp1 protein has a central role in mitochondrial quality control and mitochondrial 

apoptosis (Sebastián et al. 2017; Favaro et al. 2019). Altered forms of the Rb protein cause the 

cells to be sensitized with a predilection towards apoptosis (Ariss et al. 2018). The molecular 

mechanisms by which Rb/Rbf protein functions are under investigation.  

 

The role of the Bcl-2 family proteins in the protection of the mitochondria is very well established. 

However, little is known about the contribution of Rbf to mitochondrial health. Here I propose that 

the phenotypes associated with the altered expression of Rbf are due to excessive apoptosis and 

can be rescued by the appropriate regulation of this process. I employed Drosophila melanogaster 

as a model organism to study the phenotypic effects of the interactions of these genes. In my 

experiments, I exploited the UAS-Gal4 system to direct the expression and inhibition of the Rbf 

gene in selected neuronal tissues by Ddc-Gal4 and, in supportive experiments, in the developing 

eye tissue via the GMR-Gal4 transgenes. In our experiment the expression and inhibition of Rbf 

have led to toxic effects, compromised lifespan and the diminishment of the ability to climb 

overtime. Interestingly, the toxic effects of Rbf overexpression can act to rescue the toxic 

consequences of parkin inhibition. The toxic effects of Rbf inhibition can be rescued by the 

expression of the anti-apoptotic Bcl-2 family protein gene, Buffy.  

 

Materials and Methods 
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Bioinformatic analysis 
The H. sapiens and D. melanogaster protein sequences were obtained from the National Center 

of Biotechnology Information (NCBI) protein database (https://www.ncbi.nlm.nih.gov/protein/). 

The conserved domains were identified through the use of the Eukaryotic Linear Motif 

(http://elm.eu.org/) and NCBI Conserved Domain Database (https://www.ncbi.nlm.nih.gov/cdd/). 

Multiple sequence alignment was accomplished via the Clustal Omega on-line tool 

(https://www.ebi.ac.uk/Tools/msa/clustalo/)  to reveal the conservation of domains. The nuclear 

localization signal was predicted with cNLS Mapper (http://nls-mapper.iab.keio.ac.jp/cgi-

bin/NLS_Mapper_form.cgi) (Kosugi et al. 2009). The phosphorylation sites were identified using: 

KinasePhos (http://kinasephos.mbc.nctu.edu.tw/index.php) it computationally predicts 

phosphorylation site using HMM (Huang et al. 2005); PhosphositePlus 

(https://www.phosphosite.org/homeAction) and Eukaryotic Linear Motif (ELM) 

(http://elm.eu.org/), it is a comprehensive information tool to study post-translational 

modifications (Hornbeck et al. 2015). The phosphorylation site found conserved between D. 

melanogaster, and H. sapiens were highlighted. 

 

Drosophila stocks and media 
The GMR-Gal412; Ddc-Gal44.3D(w[1118]; P{w[+mC]=Ddc-GAL4.L}4.3D); UAS-lacZ4-1-2; the UAS-Rbf1 

(w[*]; P{w[+mC]=UAS-Rbf.D}II);  the UAS-Rbf RNAi1HMS03004 (y[1] sc[*] v[1] sev[21]; P{y[+t7.7] 

v[+t1.8]=TRiP.HMS03004}attP2/TM3, Sb[1]); the UAS-Rbf RNAi2GL01293 (y[1] sc[*] v[1] sev[21]; 

P{y[+t7.7] v[+t1.8]=TRiP.GL01293}attP40); the UAS-Buffy (w[*]; P{w[+mC]=UAS-Buffy.S}E1); UAS-

Buffy-RNAi (w[*]; P{w[+mC]=UAS-Buffy.RNAi}3); and UAS-Debcl (y[1] w[67c23]; P{y[+mDint2] 

w[+mC]=EPgy2}Debcl[EY05743]); stocks were obtained from Bloomington Drosophila Stock 
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Center at Indiana University, Bloomington, Indiana, USA. The UAS-Debcl-RNAiv47515 (w1118; P{GD 

1637}v47515) stock were obtained from Vienna Drosophila Resource Center. The UAS-parkin-RNAi 

line was obtained from Dr. B. Lu (Yang et al. 2003, 2006). The Ddc-Gal4 UAS-parkin-RNAi and Ddc-

Gal4 UAS-Rbf-RNAiHMS03004 transgene lines were produced through standard methods (Githure 

and Staveley 2016). All flies were maintained on standard cornmeal/molasses/yeast/agar media 

treated with propionic acid and methylparaben for fungal resistance. Stocks were maintained at 

room temperature of 22° ± 3° C, whereas crosses and experiments were kept at 25°C. 

 

Survival assay 
Several crosses of virgin females and males were made, and a cohort of critical class males 

collected upon eclosion Male progeny of critical class was collected from mating until 

approximately 250 flies of each genotype were obtained. The flies were maintained in cohorts of 

25 or less per vial on standard media, to avoid over-crowding. Flies were scored every second day 

for viability and were transferred to new food every two to five days. The tally continued until all 

flies were observed to be dead (Todd and Staveley 2004, 2012).  Longevity data were analyzed 

using GraphPad Prism version 8 statistical software (graphpad.com), and the Mantel-Cox test 

compared survival curves. Significance was determined at a 95% confidence level (P ≤ 0.05) with 

Bonferroni correction. 

 

Locomotor analysis 
Approximately 70 male flies of the critical class were collected over 24 hours from the crosses 

similar to survival assay and maintained as cohorts of 10 flies in each vial. The media was changed 

twice a week. The climbing assay was performed as previously described according to a standard 
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protocol (Todd and Staveley 2004, 2012). Every week 50 males were assayed, in groups of 10, for 

their ability to climb a glass tube divided into five levels of 2 cm each. The climbing index was 

calculated for each week using GraphPad prism version 8 statistical software. The climbing curve 

was fitted using non-linear regression and determined at a 95% confidence interval (P ≤ 0.05). 

 

Biometric analysis of the Drosophila melanogaster eye 
Female virgins of the GMR-Gal4 genotype were collected every 8 to 12 hours for several days. The 

confirmed virgins were then crossed with the males of the following genotypes: UAS-lacZ, UAS-

Rbf1, UAS-Rbf2, UAS-Rbf-RNAi1 and UAS-Rbf-RNAi2. Critical class male progeny was collected from 

each genotype. The collected flies were kept as cohorts of 10 flies or less in each vial upon fresh 

media. Flies were allowed to age for three to four days and then frozen at -80°C. The flies were 

prepared for scanning electron microscopy following the standard protocol (Githure and Staveley 

2017). Ommatidia and interommatidial bristle counts were performed on ten or more flies of each 

genotype using the National Institute of Health (NIH) ImageJ software. The Biometric analysis was 

performed using GraphPad Prism version 8 statistical software. Significance was determined at a 

95% confidence level (P ≤ 0.05) using unpaired t-test. 

 

Result 
 
Rbf is conserved between H. sapiens and D. melanogaster 
The D. melanogaster Rbf (CAA65661.1) and the H. sapiens, retinoblastoma-like protein 1 

(NP_899662.1) protein sequence were sourced from the NCBI protein database and the conserved 

sequences were identified using NCBI CDD. The multiple sequence alignment of the two proteins 

derived by Clustal Omega (Figure 1A) shows a highly conserved domain of the unknown function 



 
 

116 

(DUF3452), an RB-A and RB-B domain. The conserved phosphorylation sites identified using 

KinasePhos, PhosphoSitePlus and ELM and listed in Table1. Towards the amino-terminus region, a 

nuclear localization signal has been identified using cNLS Mapper and re-confirmed by Eukaryotic 

Linear Motif (ELM), which localized NLS in the overlapping region. The cNLS score of the sequence 

was 6.5, proteins with scores as high as 8, 9 and 10 are exclusively localized in nucleus; proteins 

with scores 1 and 2 are solely localized in the cytoplasm, and in-between scores are supposedly 

co-localized in nucleus and cytoplasm depending on their scores. As the amino acid sequence of 

these proteins is highly conserved, the cellular functions are likely to be nearly identical. 
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Phosphorylation site 
D. melanogaster 
/H. sapiens 

Amino acid Kinase Identified using 

85/74 Threonine CK1 ELM 

674/879 Tyrosine EGFR KinasePhos 

700/938 Threonine INSR KInasePhos 

742/980 Threonine/Serine PKC and PKA KinasePhos 

749/988 Serine CDK2 PhosphoSitePlus 

(Zhou et al. 2013) 

771/1009 Serine cdc2 and 

CDK2 

KinasePhos; 

PhosphoSitePlus (Leng 

et al. 2002) 

 
Table 4.1: List of the phosphorylation site found conserved between the Rbf/Rb protein sequence 
of Homo sapiens and Drosophila melanogaster. The phosphorylation sites were identified using 
KinasePhos and PhosphoSitePlus and ELM resources. The KinasePhos computationally predict the 
phosphorylation site using HMM. The PhosphoSitePlus is a comprehensive information resource 
to study and document post-translational modifications. The ELM scans user-submitted protein 
sequence and matches corresponding sequences could be false positive. The kinases found or 
predicted to do the phosphorylation are listed with the respective phosphorylation site. 
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Figure 4.1: Rbf/Rb evolutionarily is conserved between D. melanogaster and H. sapiens. Clustal 
Omega multiple sequence alignment of D. melanogaster Rbf (CAA65661.1) protein with the H. 
sapiens (NP_899662.1) shows evolutionarily conserved domains identified using the NCBI 
Conserved Domain Database (CDD) and further confirmed by the Eukaryotic Linear Motif (ELM) 
resource. The conserved domains, Nuclear localization Signals and phosphorylation sites found 
conserved between the two proteins are highlighted in different colours. The asterisks indicate 
the identical residues; the colons indicate the conserved substitutions; the dots indicate the semi-
conserved substitutions. Colour differences indicate the chemical nature of amino acids: red 
indicates small hydrophobic (includes aromatic) residues; blue indicates acidic; magenta indicates 
basic; green indicates basic with hydroxyl or amine groups.  
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Alteration of the expression of Rbf with Ddc-Gal4 
The directed expression and inhibition of Rbf1 by the Ddc-Gal4 transgene result in decreased 

lifespan compared to the control (Figure 4.2A). The overexpression of Rbf resulted in median 

lifespans of 42 days in 311 flies, which is significantly less than control. The inhibition of Rbf by two 

distinct RNAi transgenes, via the UAS-Rbf-RNAi1 and UAS-Rbf-RNAi2, results in a reduced median 

lifespan of approximately 56 days in 250 flies compared to 68 days observed in control (Figure 2A) 

as determined by log-rank (Mantel-Cox) test at a P-value at <0.0001. The climbing ability of flies 

with altered Rbf expression is severely compromised as determined in the non-linear fitting of the 

climbing curve by 95% confidence interval (Figure 4.2B). 
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Figure 4.2: Altered Rbf expression under the control of Ddc-Gal44.3D influences the survival and 
climbing ability of flies. A). The GraphPad prism8 generated graph of the longevity assay for the 
directed expression of Rbf, Rbf RNAi’s under the control of Ddc-Gal44.3D transgene. The 
overexpression results in decreased median lifespan of 40 days compared to 68 days of control 
calculated by the Log-rank Mantel-Cox test, with Bonferroni correction. The inhibition of Rbf under 
the control of the Ddc-Gal4 transgene results in a decreased lifespan of 56 days with UAS-Rbf-
RNAi1HMS03004 and UAS-Rbf-RNAi2GL01293 compares to 68 days of control done by Log-rank Mantel-
Cox test, with Bonferroni correction. B). The GraphPad prism8 generated graph of the climbing 
abilities of flies with overexpression of Rbf, Rbf RNAi’s and control. The climbing ability of Rbf 
overexpression and Rbf RNAi’s flies is significantly compromised compared to control as 
determined in the non-linear fitting of the climbing curve by a 95% confidence interval.  
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The directed expression of Rbf by the Ddc-Gal4 transgene results in a decreased lifespan of 252 

flies to 50 days compared to 68 days observed in control. The Ddc-Gal4 UAS-Rbf-RNAi UAS-lacZ 

critical class males have a lifespan of 60 days. The overexpression of Rbf in the Ddc-Gal4 UAS-Rbf-

RNAi transgene has a median lifespan of 72 days in 272 flies, similar to 68 days of control done by 

Log-rank Mantel-Cox test, with Bonferroni correction (Figure 4.3A) as determined by log-rank 

(Mantel-Cox) test at a P value at <0.0001. The comparison of the climbing ability of flies shows an 

intermediate phenotype when Rbf is overexpressed along with Rbf-RNAiHMS03004 as determined in 

the non-linear fitting of the climbing curve by 95% confidence interval (Figure 4.3B). 
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Figure 4.3: Directed co-expression of Rbf and Rbf-RNAi rescues diminished median lifespan A) The 
graph of longevity assay generated by GraphPad prism8 in Ddc-Gal4/ UAS-lacZ; Ddc-Gal4/ UAS-
Rbf; Ddc-Gal4 UAS-Rbf-RN HMS03004/ UAS-lacZ; and Ddc-Gal4 median UAS-Rbf-RNAiHMS03004/ UAS-
Rbf. The overexpression of Rbf resulted in a decreased lifespan of 50, and inhibition of Rbf resulted 
in a decreased lifespan of 60 days compared to 68 days of control done by the Log-rank Mantel-
Cox test, with Bonferroni correction. The overexpression of Rbf in neurons using Ddc-Gal4 Rbf-
RNAiHMS03004 transgene results in a lifespan of 72 days, similar to 68 days of control done by Log-
rank Mantel-Cox test, with Bonferroni correction. B) The GraphPad prism8 generated graph of the 
climbing abilities of flies with expression Rbf, Rbf-RNAiHMS03004/lacZ, Rbf-RNAiHMS03004/Rbf and 
control. There is an intermediate phenotype when Rbf is overexpressed along with Rbf-
RNAiHMS03004, as determined in the non-linear fitting of the climbing curve by a 95% confidence 
interval.  

 

 



 
 

123 

The altered expression of Rbf influences the Ddc-Gal4 Gal44.3D UAS-parkin-RNAi model of PD 
The loss of function of the parkin has led to the establishment of several Drosophila models of PD. 

The Ddc-Gal4 UAS-parkin-RNAi UAS-lacZ critical males have a median lifespan of 60 days in 256 

flies. Overexpression of Rbf in the Ddc-Gal4 UAS-parkin-RNAi expressing flies results in a much-

increased median life span of 72 days (n=283) compared to the control, as determined by log-rank 

(Mantel-Cox) test at a P value at <0.0001. The UAS-Rbf-RNAi1 transgene when expressed along 

with UAS-parkin-RNAi transgene, result in median lifespan of 50 (n=328) days much less compared 

to control flies (P-value=<0.0001) (Figure 4.4A). The UAS-Rbf-RNAi2 transgene when expressed 

along with Ddc-Gal4 parkin-RNAi, results in a median life span of 58 days (n=308) (Figure 4.4A) 

similar to 60 days of control, as determined by log-rank (Mantel-Cox) test at a P-value at 0.8425. 

The overexpression of Rbf by Ddc-Gal4 along with parkin-RNAi slightly ameliorates the decline in 

climbing ability over time. However, the locomotor activity of the critical classes with the directed 

expression of the UAS-Rbf-RNAi transgenes are decreased compared to control as determined in 

the non-linear fitting of the climbing curve by 95% confidence interval (Figure 4.4B). 

  



 
 

124 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4: Altered expression of Rbf can enhance and suppress the Ddc-Gal4 UAS-parkin-RNAi 

model of PD. A. The graph of longevity assay generated by GraphPad prism8 with altered 
expression of Rbf in Ddc-Gal4 parkin-RNAi expressing flies. The overexpression of Rbf results in a 
median lifespan of 72 days compare to 60 days of control (lacZ/parkin-RNAi); the inhibition of Rbf 
by two distinct RNAi transgenes, via UAS- Rbf-RNAi1HMS03004 and UAS-Rbf-RNAi2GL01293 directed by 
the Ddc-Gal4 transgene, result in the median lifespan of 50 and 58 days, respectively; similar to 
control, determined by Log-rank Mantel-Cox test, with Bonferroni correction. B. The GraphPad 
prism8 generated graph of the climbing abilities of Ddc-Gal4 parkin-RNAi flies with the expression 
of Rbf, Rbf RNAi’s and control. The climbing ability of flies overexpressing Rbf have significantly 
increased compared to control as determined in the non-linear fitting of the climbing curve by a 
95% confidence interval.  
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The altered co-expression of Buffy with Rbf-RNAi via Ddc-Gal44.3D 
The loss of function of Rbf leads to compromised lifespan and climbing ability over time. The 

control Ddc-Gal4; UAS-Rbf-RNAi; UAS-lacZ critical class males have a median lifespan of 58 days 

(n=351). Overexpression of Buffy in the Ddc-Gal4; UAS-Rbf-RNAi; UAS-Buffy flies have a median 

lifespan of 88 days in 392 flies (P-value=<0.0001), which is significantly greater when compared to 

the controls. The inhibition of Buffy in the Ddc-Gal4; UAS-Rbf-RNAi; UAS-Buffy-RNAi critical class 

male flies have a median lifespan of 58 days in 275 flies which is very similar to the control (Figure 

4.5A) as determined by log-rank (Mantel-Cox) test at a P value at 0.0007. The overexpression of 

Buffy in Ddc-Gal4; UAS-Rbf-RNAi; UAS-Buffy flies rescue the climbing ability defects over time. The 

inhibition of Buffy increases the loss of climbing ability throughout the life of critical class flies as 

determined in the non-linear fitting of the climbing curve by 95% confidence interval (Figure 4.5B).  

 

The altered co-expression of Debcl with Rbf-RNAi via Ddc-Gal4 
The Ddc-Gal4; UAS-Rbf-RNAi; UAS-lacZ critical class males have been demonstrated to have a 

lifespan of 58 days in the sample size of 351 flies and compromised climbing ability. 

Overexpression of Debcl in the Ddc-Gal4; UAS-Rbf-RNAi; UAS-Debcl critical class flies have a 

median lifespan of 54 days in 317 flies (P-value=0.0093), which is not very different from the lacZ-

expressing controls. The inhibition of Debcl in the Ddc-Gal4 UAS-Rbf-RNAi; UAS-Debcl-RNAi 

expressing flies have a median lifespan of 64 days in 288 sample size, which is increased compared 

to control flies (Figure 4.5A) as determined by log-rank (Mantel-Cox) test at a P value at <0.0001. 

The overexpression of Debcl by Ddc-Gal4 UAS-Rbf-RNAi; UAS-Debcl results in an increase in 

impairment of the climbing ability defect over time. The inhibition of Debcl ameliorates the defects 
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in climbing abilities as determined in the non-linear fitting of the climbing curve by 95% confidence 

interval at a P-value= 0.0220 (Figure 4.5B).  
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Figure 4.5: Altered expression of Buffy and Debcl, can suppress the Ddc-Gal44.3D UAS-Rbf-
RNAiHMS03004  
 potential model of PD. A. The graph of longevity assay generated by GraphPad prism8 with altered 
expression of Buffy and Debcl in Ddc-Gal4 Rbf-RNAiHMS03004 expressing flies. The overexpression of 
Buffy results in a median lifespan of 96 days compare to 58 days of control (lacZ/Rbf-RNAiHMS03004); 
the inhibition of Buffy result in the median lifespan of 58 days similar to control, determined by 
Log-rank Mantel-Cox test, with Bonferroni correction. The overexpression of DebclEY05743 in 
neurons using Ddc-Gal4 transgene along with Rbf-RNAiHMS03004 results in a lifespan of 54 days 
similar to control and inhibition of Debcl EY05743 resulted in the increased lifespan of 64 days 
compared to 58 days of control done by Log-rank Mantel-Cox test, with Bonferroni correction. B. 
The GraphPad prism8 generated graph of the climbing abilities of Ddc-Gal4 Rbf-RNAiHMS03004 flies 
with the expression of Buffy, Buffy RNAi, Debcl EY05743, Debcl RNAi v47515 and control. The climbing 
abilities of Buffy flies have significantly increased compared to control as determined in the non-
linear fitting of the climbing curve by a 95% confidence interval.  
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The overexpression and inhibition of Rbf during eye development 
In complementary experiments, the inhibition and overexpression of Rbf, directed by the GMR-

Gal4 transgene in the neuron-rich developing eye of flies’ influences development. The numbers 

of ommatidia are decreased with either overexpression or inhibition lines of Rbf analyzed in 15 

flies of each group. The ommatidia count of Rbf, Rbf-RNAi1HMS03004 and Rbf-RNAi2GL01293 is 610, 

664.2 and 670.6, respectively, compared to 704.4 for the lacZ control flies as shown in Figure 4.6B 

as determined by unpaired t-test with P values of 0.0198, 0.0677 and 0.8151. The mean of 

interommatidial bristle produced through inhibition by the UAS-Rbf-RNAi1 and UAS-Rbf-RNAi2 

transgene was lower at 500.6 (P-value= 0.0320) and 498.1 (P-value=0.0.0296) compare to 536 of 

control flies as determined by an unpaired t-test. The mean number of interommatidial bristles 

for UAS-Rbf flies was 494.9 less compared to 536 of control, as determined by an unpaired t-test 

(P-value= 0.0.0128). The decrease in the interommatidial bristle number is consistent with the 

reduction of ommatidial numbers produced through overexpression and inhibition by the Rbf and 

Rbf-RNAi bearing transgenes compare to control (Figure 4.6B ii).   
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Figure 4.6: The phenotypic effects of altered Rbf expression in D. melanogaster eye. A. Scanning 
electron micrograph of the altered Rbf expression under the control of GMR-Gal4 transgene. The 
genotypes are (a) GMR-Gal4/UAS-lacZ (Control); (b) GMR-Gal4/UAS-Rbf; (c) GMR-Gal4/UAS-Rbf-
RNAi1HMS03004 (d) GMR-Gal4/UAS-Rbf-RNAi2 GL01293. B. The ommatidia number for control is 
704.4±15.4; the inhibition and expression of Rbf results in a decrease in ommatidial count 
compared to control. C. The interommatidial bristle count for the control is 536±32.5; the 
overexpression and RNAi inhibition lines (GMR-Gal4 UAS-Rbf-RNAi1HMS03004 and GMR-Gal4 UAS-
Rbf-RNAi2GL01293) results in a decrease interommatidial bristle count compared to control.   
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Discussion 
The role of the protein products of the Rbf/Rb homologues is crucial.  The Rb mutant mouse show 

reduced mitochondrial function from the TCA cycle to oxidative phosphorylation (Nicolay et al. 

2015).  The Rb protein is required for the activation of mitochondrial protein genes (Nicolay et al. 

2015). Cells deficient in Rb are more sensitive to the damaging effects of ROS and require elevated 

levels of glutathione peroxidase to thrive (Nicolay et al. 2013). In my experiments, the flies with 

altered expression of Rbf display compromised longevity. The diminishment of the median lifespan 

of flies was more severe because of the overexpression of Rbf than with loss of function genotype. 

The cause could be due to the induction of apoptosis as observed with post-mitotic proliferating 

cells (Milet et al. 2010) or other consequences could be the overexpression of pRb acts to promote 

tumour progression (Shi et al. 2000). The differentiation defects due to loss of pRb can be rescued 

by normalizing mitochondrial activity with the help of PGC-1 alpha expression (Váraljai et al. 2015). 

The development of eyes compromised during Rbf overexpression, the eyes develop in a manner 

that reduces numbers of ommatidia and bristles as compared to control. Most likely, the 

overexpression of Rbf acts to promote apoptosis through transcription activation and regulation 

of the pro-apoptotic sub-cellular machinery. Interestingly novel results show Rbf overexpression 

rescues the parkin-inhibition phenotype. The Rbf induced protection could be due to its role in 

blocking the E2F1 transcription factor. Patients with PD demonstrate E2F1 activation in DA 

neurons and mediate neuronal death (Höglinger et al. 2007). Altering Rbf expression with parkin 

changes the dynamics of its phenotypic effects. 

 

Here, I found that the inhibition of Rbf leads to consistently reduced longevity and loss of climbing 

ability phenotypes that, unexpectedly, are milder than those generated by the gain of Rbf function. 
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The Rbf/Rb mutants promote transcription of apoptosis genes in an E2F1 dependent manner in 

eukaryotes (Moon et al. 2006; Milet et al. 2014). The inactivation of Rb protein allows E2F1 

dependent transcription of pro-apoptotic genes, including Apaf-1/PUMA (Polager and Ginsberg 

2009). Interestingly, Rb can contribute to neuronal apoptosis, both dependently and 

independently of E2F1 transcription activity (Andrusiak et al. 2012). The inhibition and 

overexpression phenotypes associated with Rbf/Rb is likely due to excessive apoptosis furthered 

through distinct sets of mechanisms. 

 

The role of Rbf in transcription is well studied; however, the full understanding of a largely non-

nuclear role of Rbf/Rb is limited. Research have established that endogenous Rb enhances TNF-

alpha induced apoptosis.  The function of Rb is dependent on a pro-apoptotic Bcl-2 family protein, 

Bax, which regulates mitochondrial intrinsic apoptosis (Hilgendorf et al. 2013). When the 

overexpression of the pro-apoptotic Bcl-2 family member, Debcl, was directed along with the 

inhibition of Rbf1, both the median lifespan and climbing ability over the life of the flies were 

severely compromised. However, the defects generated by the inhibition of Rbf was rescued by 

overexpression of the anti-apoptotic Bcl-2 family protein, Buffy. It is unclear if the rescue of the 

phenotype is due to the inactivation of the E2F1 apoptotic activity or a distinct anti-apoptotic 

activity of Buffy. The endogenous role of Rb/Rbf seems to promote apoptosis in non-mitotic cells 

with the help of Bcl-2 family protein. The nuclear role of regulating transcriptional factor E2F1 is 

very complex. However, the overall effect is dependent on the result of different pathways 

regulated by endogenous and nuclear Rbf protein. In my experiments, the inhibition of Rbf is 

beneficial when combined with overexpression of anti-apoptotic Bcl-2 protein. 
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 Genotype Median 

lifespan 
Lifespan 
Increased/ 
Decreased 

Climbing 
Increase/ 
Decrease 

Control Ddc-Gal4.3D; UAS-lac Z 68 days    
Experiment Ddc-Gal4.3D;  

UAS-Rbf 
40 days  Decreased Decreased 

 Ddc-Gal4.3D;  

UAS-Rbf-RNAi1HMS03004 
56 days  Decreased Decreased  

 Ddc-Gal4.3D;  

UAS-Rbf-RNAi2 GL01293 
56 days  Decreased Decreased 

     
Control Ddc-Gal4.3D; UAS-park-RNAi; 

lacZ 
60 days    

Experiment Ddc-Gal4.3D; UAS-park-RNAi; 
UAS-Rbf 

72 days  Increased Increase 

 Ddc-Gal4.3D; UAS-park-RNAi; 
UAS-Rbf-RNAi1HMS03004 

50 days  Decreased Decreased 

 Ddc-Gal4.3D; UAS-park-RNAi; 
UAS-Rbf-RNAi2 GL01293 

58 days  Similar to 
control 

Decreased 

     
Control Ddc-Gal4.3D; UAS-Rbf-RNAi; 

UAS- lacZ 
58 days    

Experiment Ddc-Gal4.3D; UAS-Rbf-RNAi; 
UAS-Buffy 

89 days Increased Increased 

 Ddc-Gal4.3D; UAS-Rbf-RNAi; 
UAS-Buffy-RNAi 

58 days Similar to 
control 

Decreased 

 Ddc-Gal4.3D; UAS-Rbf-RNAi; 
UAS-DebclEY05743 

54 days Similar to 
control 

Decreased 

 Ddc-Gal4.3D; UAS-Rbf-RNAi; 
UAS-Debcl-RNAiv47515 

64 days Increased Increased 

 

Table 4.2: Summary of the Results. The effect of the directed expression of UAS-Rbf and UAS-Rbf-
RNAi in the Ddc-Gal44.3D and Ddc-Gal4.3D; UAS-parkin-RNAi transgene on the median lifespan and 
climbing ability of the critical class male flies. The effect of the altered expression of Buffy and 
Debcl genes directed by Ddc-Gal44.3D UAS-Rbf-RNAi transgene on median lifespan and climbing 
ability of the critical class male flies. The Cells with blue highlight denote control; Orange highlight 
denotes the decreased compared to control; Green highlights denote the increase compare to 
control and yellow highlights denote the resulting longevity and climbing ability is very similar to 
control.  
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Conclusion 
The function of Rbf is mainly nuclear, but a small fraction of the protein tends to localize near 

mitochondria in the cytoplasm. The overexpression of Rbf gene in neurons results in reduced 

survival and an age-dependent decline in locomotor ability. The knockdown of Rbf in the Ddc-Gal4 

transgenes of Drosophila results in an age-dependent loss in locomotor function, phenotypes that 

are strongly associated with neuronal degeneration and Parkinson disease. Thus, the 

compromised climbing abilities in flies with directed inhibition of Rbf have produced a novel model 

of Parkinson Disease and can be used to investigate further the mechanisms underlying PD and 

other neurodegenerative diseases. The overexpression of Rbf rescue the parkin inhibition 

phenotype; the Rbf and parkin protein products may activate similar downstream targets for cell 

survival. Similarly, the anti-apoptotic Bcl-2 proteins rescued the PD phenotypes induced by Rbf 

inhibition. Further studies are required to understand better the interaction between parkin, Bcl-

2 family members, and Rbf in these neurons. Overall, these experiments allow us to contribute to 

the understanding of mitochondrial health and enhanced conditions of homeostasis. 
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Chapter 5: Rbf suppression of the phenotypes caused by Drp1 
gain of function in selected Drosophila neurons  
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Abstract  
Well known for its tumour-suppression transcriptional regulation activities, the Rb protein is a 

transcriptional regulator that plays a crucial role in cell-cycle regulation and apoptosis. In the past 

decade, research has established a cytosolic role and mitochondrial localization for this protein: 

Retinoblastoma protein seems to cooperate with Drp1 to regulate mitochondrial quality in a 

transcription-independent manner. Control of mitochondrial quality is vital for the assurance of 

cell survival, and the failure of this may result in mitochondrial dysfunction and, eventually, cell 

death. Here, the UAS-Gal4 expression system was exploited to direct expression in neurons and 

achieved with the Ddc-Gal4 transgene. Alteration of the expression of Drp1 in neuronal 

populations of cells that include DA under the control of the Ddc-Gal4 transgene produces a robust 

PD model with a severely reduced lifespan and locomotor dysfunction. The Drp1 overexpression 

induced phenotypes are significantly suppressed when the Drosophila homologue of Rbf is 

overexpressed in these neurons. When Drp1-RNAi is expressed along with Rbf, this resulted in a 

similar increase in median lifespan coupled with a compromised locomotor ability. The Rbf 

overexpression suppresses both the Drp1 overexpression and inhibition longevity phenotypes, to 

suggest a direct regulatory relationship between Rbf and Drp1. The inhibition of Rbf does not have 

a great effect upon the flies that overexpress or inhibit Drp1. Intriguingly, inhibition of the 

mitochondrial fission gene Drp1 can act to rescue the longevity and impaired locomotor ability 

over time observed in the Rbf-RNAi induced model of PD. The Rbf overexpression may provide a 

survival advantage to the cells subjected to unregulated apoptotic stimuli.  

Introduction 
The retinoblastoma (Rb/Rbf) gene encodes a tumour suppressor protein that acts as a crucial 

transcriptional regulator of cell proliferation and apoptosis. The Rb gene was first identified as 
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tumour suppressor protein-encoding gene and was named so as mutant forms of the gene cause 

formation of a retinal cancer: retinoblastoma (Wen-Hwa et al. 1987). Since the initial discovery, 

the loss of function of Rb/Rbf has been linked to numerous types of human cancers (Linn et al. 

2021; Du and Searle 2012). In humans, the Rb protein can bind to the E2F transcription factor and 

then act to suppress the transcription of the cyclin and CDK genes (Futatsugi et al. 2012). The 

Rb/Rbf activity predominantly depends on its phosphorylation status (Dyson 2016). Once, the 

inactivation of the Rb/Rbf protein was thought to be due to the inactivation of its catalytic site, 

but recent evidence found the movement of Rb from the nucleus to the cytoplasm can suppress 

its activity (Jiao et al. 2006, 2008). Further studies focused upon the cellular localization of Rb 

protein and found a fraction localizes in mitochondria regardless of the cell types – abnormal or 

not (Ferecatu et al. 2009). The Rb protein detected in mitochondria has been determined to 

suppress apoptosis in a manner that is independent of transcriptional regulator activity (Ferecatu 

et al. 2009; Hilgendorf et al. 2013). The Rb protein has been shown to interact with the pro-

apoptotic Bcl-2 family protein, Bax, in vivo and can activate Bax to promote apoptosis (Hilgendorf 

et al. 2013). Apart from nuclear activity, mitochondrial localization suggests the existence of a 

cytosolic or mitochondrial function for the Rbf protein in eukaryotes. 

 

The regulation of mitochondrial-mediated apoptosis with pro-apoptotic Bcl-2 protein(s) and Drp1 

seems well conserved between Drosophila and humans. The Rb protein is found to interact with 

the Drp1 in mediation of mitochondrial-dependent cell death as induced by cadmium in 

hepatocytes (Zhang et al. 2019). The inhibition of Drp1 acts to counteract cell death induced by 

the localization of the Rb protein to the mitochondrial surface induced by CdCl2 (Zhang et al. 2019). 
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Drp1 protein has a major role in mitochondrial quality control and mitochondrial apoptosis 

(Sebastián et al. 2017; Favaro et al. 2019). The overexpression of Rbf gene triggers apoptosis 

through the activation of the JNK pathway in Drosophila melanogaster (Milet et al. 2014). This Rbf-

induced apoptosis requires the presence of the pro-apoptotic Bcl-2 family protein, Debcl, and the 

mitochondrial fission protein, Drp1, and is dependent upon mitochondrial fragmentation (Clavier 

et al. 2015). Rbf can act to suppress the transcription of Buffy, the anti-apoptotic Bcl-2 family gene 

(Clavier et al. 2014) which promotes the interaction between Drp1 and Debcl (the sole pro-

apoptotic Bcl-2 protein in flies) to induce apoptosis (Clavier et al. 2015). In contrast to the 

consequences of the overexpression of Rbf, flies deficient for Rbf are sensitive to apoptosis due to 

the upregulation of the apoptotic gene hid (Ariss et al. 2018). The localization of the Rbf protein 

to, or near, the mitochondria suggest that an influence upon the function of the Drp1 protein is of 

particular interest. 

 

The processes that contribute to mitochondrial quality control are not isolated signalling pathways 

and are a network of interconnected activities that share a collection of common intermediate 

components at several levels. The mechanisms that contribute to mitochondrial dynamics 

maintain the homeostasis of the cell and assist in the function of the mitochondrial network. The 

UPRmt transcription factor can induce the transcription of Drp1 during periods of stress to promote 

mitophagy or the controlled degradation of select mitochondria (Nargund et al. 2015). The Drp1 

protein can promote apoptosis in C. elegans, D. melanogaster and cell cultures (Jagasia et al. 2005; 

Goyal et al. 2007). The Drp1 protein can promote apoptosis in Bcl-2 protein-dependent and 

independent manners (Cassidy-Stone et al. 2008; Oettinghaus et al. 2016). The activities related 
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to transcription of the Rb/Rbf protein such as the regulation of metabolic pathways, control of 

oxidative phosphorylation and mediation of mitochondrial functions through the control of the 

very important E2F transcription factor seems well conserved in eukaryotes (Dyson 2016). Many 

mitochondrial activities are vital for the survival of cells and the assurance of the quality of 

mitochondria, and the failure of these processes results in phenotypes characterized by the 

dysfunction of mitochondria and subsequent cell death. 

 

Little is known about the contribution of Rbf towards mitochondrial health and 

neurodegeneration. As I have demonstrated, both the overexpression and inhibition of Drp1 act 

to phenocopy PD-like phenotype in Drosophila, the anticipated role of the mitochondria in PD 

pathogenesis suggest that the Drp1-induced model of PD (chapter 2) an attractive model for 

investigation of the role of Rbf. I utilized the Drosophila melanogaster as a model organism to 

study the phenotypic effects of Rbf and Drp1 gene interaction. I examined the effects of over 

expression and inhibition of the expression of transcription regulator Rbf in selected neurons along 

with modified expression of Drp1. I propose that the Drp1-induced phenotypes can be modified 

by alteration of the expression of Rbf. 

 

Materials and Methods 
 
Drosophila media and culture 
All stocks were maintained on a standard media prepared from cornmeal/molasses/yeast/agar 

medium treated with propionic acid and methylparaben to resist fungal growth. Aliquots of media 

were poured into plastic vials, allowed to solidify, and refrigerated at 4°C until used. Stocks are 
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kept at room temperature while crosses and experiments were carried out at 25°C. The UAS-Rbf 

RNAi1HMS03004 (y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8]=TRiP.HMS03004}attP2/TM3, Sb[1]); the 

UAS-Rbf RNAi2GL01293 (y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8]=TRiP.GL01293}attP40); UAS-Rbf 

(w[*]; P{w[+mC]=UAS-Rbf.D}III); UAS-Drp1 (y[1] w[*]; P{w[+mC]=FLAG-FlAsH-HA-Drp1}3, Ki[1]); 

the UAS-Drp1-RNAi1JF02762 (y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02762}attP2}); UAS-Drp1-

RNAi2HMC03230 (y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMC03230}attP40); Ddc-Gal44.36(w[1118]; 

P{w[+mC]=Ddc-Gal4.L}Lmpt[4.36]; and UAS-lacZ stocks were obtained from Bloomington 

Drosophila Stock Center at Indiana University, Bloomington, Indiana, USA. The Ddc-Gal4/CyO; 

UAS-Drp1/TM3, Ddc-Gal4/CyO; UAS-Drp1-RNAi /TM3; Ddc-Gal4/CyO; UAS-Rbf-RNAi /TM3 

derivative lines were generated through the use of standard recombination methods (Githure and 

Staveley 2016) and used to overexpress and inhibit Drp1 and inhibit Rbf in the selected DA neurons 

by use of the Ddc-Gal44.3D transgene. 

 

Ageing assay 
Several crosses of virgin females and males were made, and a cohort of critical class males 

collected upon eclosion. At least 250 flies were aged per genotype in the cohorts of 25 or less per 

vial on fresh media, replenished every two-five days to avoid crowding. Flies were observed and 

scored every second day for the presence of deceased adults. As a rule, flies were considered dead 

when movement was not observed upon agitation [40]. Longevity data were analyzed with 

GraphPad Prism version 8 statistical software, and the Mantel-Cox test compared survival curves. 

Significance was determined at a 95% confidence level (P ≤ 0.05) with Bonferroni correction. 
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Climbing assay 
The 70 male flies of the critical class were collected within 24 hours and maintained as ten flies in 

each vial. The food was changed twice every week. Every week 50 males of each genotype were 

assayed, in groups of 10, for their ability to climb a glass tube divided into five levels of 2 cm each 

according to the established protocol (Todd and Staveley 2004, 2012). The climbing index was 

calculated for each week using GraphPad prism version 8 statistical software. The climbing curve 

was fitted using non-linear regression and determined at a 95% confidence interval (P ≤ 0.05).  

 

Results 
 
Alteration of the expression of Rbf along with Drp1 directed by the Ddc-Gal44.3D transgene 
The overexpression of Drp1 leads to a compromised lifespan and diminished climbing ability over 

time. In these experiments, the control Ddc-Gal44.3D UAS-Drp1 UAS-lacZ critical males were 

determined to have a median lifespan of 58 days (n=282). The overexpression of Rbf in the Ddc-

Gal4 UAS-Drp1 critical class flies results in much increased median life span of 74 days (n=294) 

compared to control with a P-value at <0.0001 as determined by log-rank (Mantel-Cox) test. The 

two UAS-Rbf-RNAi transgenes, UAS-Rbf-RNAi1 HMS03004 and UAS-Rbf-RNAi2GL01293, when expressed 

along with Ddc-Gal4 UAS-Drp1, results in a median life span of 56 (n=253) and 60 days (n=280) 

(Figure 5.1A) similar to control with a P-value at 0.0012 and 0.3854, respectively, as determined 

by log-rank (Mantel-Cox) test. The non-linear fit of the climbing curve shows overexpression of Rbf 

by Ddc-Gal4 UAS-Drp1 rescues the decline in climbing ability compared to control at 95% CI with 

P-value < 0.0001. The non-linear fitting of the climbing curve shows inhibition of Rbf by Ddc-Gal4 

UAS-Drp1; UAS-Rbf-RNAi1 HMS03004 and Ddc-Gal4 UAS-Drp1; UAS-Rbf-RNAi GL01293 is very similar to 

the control flies at 95% CI with P-value at 0.3012 and 1.762 respectively (Figure 5.1B) (n=50).  
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Figure 5.1: Altered expression of Rbf in the Ddc-Gal44.3D UAS-Drp1 model of PD. A. In the control, 
Ddc-Gal44.3D UAS-Drp1 UAS-lacZ critical class males were determined to have a median life span 
of 58 days (n=282). The overexpression of Rbf along with Drp1, resulted in a median lifespan of 74 
days (n=294), much higher than 58 days of control determined by the Log-rank Mantel-Cox test P-
value of <0.0001, with Bonferroni correction. The inhibition of Rbf by two RNAi transgenes, UAS-
Rbf-RNAi1 HMS03004 and UAS-Rbf-RNAi GL01293, directed by the Ddc-Gal44.3D along with the UAS-Drp1 
transgene resulted in the median lifespans of 56 (n=266) and 60 days (n=263) similar to 58 days 
of control, determined by Log-rank Mantel-Cox test at P-value 0.0012 and 0.3854 respectively, 
with Bonferroni correction. The graph of longevity assay was generated by GraphPad prism8. B. 
The GraphPad prism8 generated a graph of the climbing abilities of Ddc-Gal4 UAS-Drp1 flies that 
express Rbf, Rbf-RNAi and control. The abilities of flies that overexpress Rbf has improved 
compared to control as determined in the non-linear fitting of the climbing curve by a 95% 
confidence interval (p<0.0001). The abilities of flies expressing UAS-Rbf-RNAi’s are very similar to 
control as determined in the non-linear fitting of the climbing curve by a 95% confidence interval 
with a p-value of 0.3012 and 1.762 (n=50). The graph of longevity assay was generated by 
GraphPad prism8 non-linear regression curve.  

 

 
A) 

B) 
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Alterion of the expression of Rbf along with Drp1-RNAi directed by Ddc-Gal44.3D  
The Ddc-Gal44.3D UAS-Drp1-RNAi UAS-lacZ critical males were determined to have a median 

lifespan of 70 days in 323 flies. Overexpression of Rbf in the Ddc-Gal4 UAS-Drp1-RNAi expressing 

flies results in the increased median life span of 74 days (n=275) compared to the control with a 

P-value of <0.0001 as determined by log-rank (Mantel-Cox) test. The two UAS-Rbf-RNAi 

transgenes, UAS-Rbf-RNAi HMS03004 and UAS-Rbf-RNAi2GL01293, when expressed along with Ddc-Gal4 

UAS-Drp1-RNAi, results in a median life span of 72 (n=253 flies) and 70 days (n=280 flies), 

respectively (Figure 5.2A) similar to control with P-value of 0.3679 and 1.1737 respectively, as 

determined by log-rank (Mantel-Cox) test. The non-linear fit of the climbing curve shows 

overexpression of Rbf by Ddc-Gal4 UAS-Drp1-RNAi further contributes to the loss of climbing 

ability throughout the life of critical class flies compared to control at 95% CI (P<0.0001). The non-

linear fit of the climbing curve shows inhibition of Rbf by Ddc-Gal4 UAS-Drp1; UAS-Rbf-RNAi1 

HMS03004 and Ddc-Gal4 UAS-Drp1; UAS-Rbf-RNAi2 GL01293 is very similar to the climbing ability of 

control flies at 95% CI with P-value at 0.0452 and 0.1229 respectively (Figure 5.2B) (n=50).  
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Figure 5.2: Altered expression of Rbf in the Ddc-Gal44.3DUAS-Drp1-RNAi model of PD. A. In the 
control, Ddc-Gal44.3D UAS-Drp1-RNAi UAS-lacZ critical class males were determined to have a 
median life span of 70 days (n=323). The overexpression of Rbf , along with UAS-Drp1-RNAi , results 
in a median lifespan of 74 days (n=275), higher when compared to 70 days of control determined 
by the Log-rank Mantel-Cox test at P-value of <0.0001, with Bonferroni correction. The inhibition 
of Rbf by two RNAi lines, UAS-Rbf-RNAi1 HMS03004 and UAS-Rbf-RNAi GL01293, directed by the Ddc-
Gal44.36 UAS-Drp1-RNAi transgene results in the median lifespan of 72 (n=266) and 70 days (n=263) 
similar to 70 days of control, determined by Log-rank Mantel-Cox test at P-value 0.3679 and 
0.1737 respectively (n~250), with Bonferroni correction. The graph of longevity assay was 
generated by GraphPad prism8. B. The GraphPad prism8 generated a graph of the climbing 
abilities of Ddc-Gal4 UAS-Drp1-RNAi flies when expressing Rbf, Rbf-RNAi’s and control. The 
climbing abilities of flies overexpressing Rbf has further compromised compared to control as 
determined in the non-linear fitting of the climbing curve by a 95% confidence interval (p<0.0001). 
The climbing abilities of flies expressing UAS-Rbf-RNAi’s are very similar to control as determined 
in the non-linear fitting of the climbing curve by a 95% confidence interval with a p-value of 0.0452 
and 0.1229 (n=50). The graph of longevity assay was generated by GraphPad prism8 non-linear 
regression curve.  

 

 
A) 
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The altered expression of the mitochondrial fission gene Drp1 with Rbf-RNAi via Ddc-Gal44.3D 
In this experiment, the control Ddc-Gal44.3D; UAS-Rbf-RNAi; UAS-lacZ critical class males were 

determined to have a median lifespan of 58 days (n=351). The overexpression of Drp1 along with 

the directed RNAi inhibition of Rbf via Ddc-Gal4 results in flies with a similar median lifespan of 56 

days with a sample size of 350 flies (P-value=0.0006). The inhibition of Drp1 by either of two RNAi 

transgenes, UAS-Drp1-RNAi1 and UAS-Drp1-RNAi2, results in greater median lifespans of 66 days 

(n =313) and 76 days (n=322), increased compared to the control (Figure 5.3A) as determined by 

log-rank (Mantel-Cox) test at a P value at <0.0001. The overexpression of Drp1 in Ddc-Gal4 Rbf-

RNAi does not seem to influence the locomotor abilities overtime. Notably, the inhibition of Drp1 

by expression of Drp1-RNAi acts to rescue the climbing ability lost by the RNA-interference of Rbf 

directed by the Ddc-Gal4 transgene as determined in the non-linear fitting of the climbing curve 

by 95% confidence interval at a P-value=0.0001 (Figure 5.3B). 
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Figure 5.3: Altered Drp1 expression coupled with Ddc-Gal44.3D Rbf-RNAiHMS03004. A. The graph of 
longevity assay generated by GraphPad prism8 with altered Drp1 expression in Ddc-Gal4 Rbf-
RNAiHMS03004 expressing flies. The overexpression of Drp1 results in the median lifespan of 56 days 
(n=351), similar to 58 days of control (lacZ/Rbf-RNAiHMS03004) determined by Log-rank Mantel-Cox 
test, with Bonferroni correction. The inhibition of Drp1 in neurons using Ddc-Gal4 transgene along 
with Rbf-RNAiHMS03004 results in an increased lifespan of 66 days (n=313) with UAS-Drp1-
RNAi1JF02762 and lifespan of 76 days (n=322) with UAS-Drp1-RNAi2HMC03230 compares to 58 days of 
control done by Log-rank Mantel-Cox test, with Bonferroni correction. B. The GraphPad prism8 
generated a graph of the climbing abilities of Ddc-Gal4 Rbf-RNAiHMS03004 flies when expressing 
Drp1, Drp1 RNAi and control. The climbing abilities of and Drp1-RNAi flies have significantly 
increased compared to control as determined in the non-linear fitting of the climbing curve by a 
95% confidence interval (n=50).  
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Discussion 
The cytosolic and nuclear role of the Rb/Rbf protein is crucial in cell differentiation and cell survival. 

The mutant or inactivated Rb gene is prevalent in some types of cancer, conversely increased 

expression of Rb is quite common in cancerous cells (Shi et al. 2000; Patel et al. 2020). Earlier, I 

have established (Chapter 4) that the overexpression and inhibition of Rbf in selected neurons of 

flies, has adverse effects and decrease median lifespan and climbing ability. Altered expression of 

Rb/Rbf homologues in mice has catastrophic effects, including lethality (Vooijs and Berns 1999; 

Lipinski and Jacks 1999). The overall function of Rb/Rbf is well conserved throughout evolution in 

worms, flies, and mammals (Van Den Heuvel and Dyson 2008). The crucial role of Rbf affects 

cellular health adversely when expression changes under normal conditions. 

 

The directed expression of Rbf with Drp1 resulted in the suppression of the Drp1 overexpression 

phenotype of decreased longevity and age-dependent loss in climbing ability. The rescue of Drp1 

overexpression phenotype may suggest the activation of the Rbf-mediated cell proliferation 

pathway or inhibition of Drp1 induced apoptosis. The inhibition of Rbf in selected neurons that 

express Drp1 did not enhance the phenotypes of decreased lifespan and age-dependent loss of 

climbing ability.  A plausible explanation is that the toxic effects of excessive apoptosis due to Drp1 

overexpression is sufficient to generate the observed phenotypes (Willems et al. 2015; Nagdas 

and Kashatus 2017), and inhibition of Rbf activity does not confer an additional disadvantage. 

Alternatively, loss-of-Rbf-induced toxicity precede the effects of Drp1-induced toxicity, but the 

effect is not additive, as such, additional phenotypes may not be observable. The lifespan and 

climbing abilities of the flies that overexpress Drp1, or inhibit Rbf, individually are very close to 
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each other. The phenotypic effect of Drp1 overexpression and Rbf inhibition together is not 

additive.  

 

The role of Rbf/Rb in apoptosis is influenced by its interaction with multiple proteins. The 

mitochondrial fission protein Drp1 functions with Bcl-2 family proteins to promote mitochondrial 

fragmentation during apoptosis (Clerc et al. 2014; Wang et al. 2015; Zhang et al. 2016). In 

Drosophila, the Rbf protein regulates mitochondrial fragmentation hence apoptosis by promotion 

of excessive ROS production. The pro-apoptotic Debcl and Drp1 co-localize at the mitochondria, 

and their interactions can be disrupted by the overexpression of the anti-apoptotic Buffy (Clavier 

et al. 2015). The inhibition of Drp1 in Rbf-RNAi background acted to rescue the phenotypes 

associated Rbf loss of function. This suggests that the inhibition of Drp1, may impede the 

molecular process which was responsible for Rbf inhibition PD phenotype. The inhibition of Rbf in 

Drp1-RNAi background has a phenotype that is very similar to Drp1 inhibition alone. It is likely that 

Drp1 and Rbf function on the same biological process and, hence, show a similar outcome. 

Plausibly cytosolic Rbf functions downstream of Drp1 and is recruited by Drp1 on mitochondrial 

to promote cell death (Zhang et al. 2019). With the transcriptional activity of Rbf in mind, the Drp1 

protein may function downstream of Rbf and has an epistatic effect over the Rbf-associated 

phenotypes. 

 

The Rbf overexpression with Drp1 inhibition slightly improved the lifespan but caused early onset 

in the climbing ability defect. The molecular mechanisms by which Rb/Rbf protein affects 

apoptosis and cell proliferation is fairly convoluted. It is important to understand that as a 
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transcription regulator, Rbf can promote things like cell proliferation and cell death under different 

molecular cues. Additionally, Rbf can localize in cytoplasm or mitochondria to maintain 

mitochondrial dynamics or apoptosis (Hilgendorf et al. 2013; Zhang et al. 2019). The total rescue 

of Drp1 overexpression and partial recovery of Drp1 inhibition phenotype by Rbf overexpression 

is very interesting. In my experiments, the inhibition of Rbf is beneficial when combined with the 

inhibition of the mitochondrial fission protein Drp1. The numerous biological functions dependent 

upon the Rbf transcription regulator and the dynamic structure of mitochondria are obscure. The 

elucidation of the link to mitochondrial dysfunction remains challenging. The activity of Rb at the 

mitochondria is maybe an essential way to control for extremes of Rb expression leading to 

mitophagy, autophagy, cell death, organismal impaired or enhanced survival.  
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 Genotype Median 
Lifespan 

Lifespan 
increased/ 
Decreased 

Climbing 
Increase/ 
Decrease 

Control Ddc-Gal44.3D; UAS-Drp1; UAS-
lacZ 

58 days   

Experiment Ddc-Gal44.3D; UAS-Drp1; UAS-
Rbf 

74 days Increased Increased 

 Ddc-Gal44.3D; UAS-Drp1; UAS-
Rbf-RNAi-1HMS03004 

56 days Similar to 
control 

Similar to 
control 

 Ddc-Gal44.3D; UAS-Drp1; UAS-
Rbf-RNAi-2GL01293 

60 days  Similar to 
control 

Similar to 
control 

     
Control Ddc-Gal44.3D; UAS-Drp1-RNAi; 

UAS-lacZ 
70 days   

Experiment Ddc-Gal44.3D; UAS-Drp1-RNAi; 
UAS-Rbf 

74 days Increased Decreased 

 Ddc-Gal44.3D; UAS-Drp1-RNAi; 
UAS-Rbf-RNAi-1HMS03004 

72 days Similar to 
control  
 

Similar to 
control 

 Ddc-Gal44.3D; UAS-Drp1-RNAi; 
UAS-Rbf-RNAi-2GL01293 

70 days Similar to 
control 

Similar to 
control 

     
Control Ddc-Gal4.3D; UAS-Rbf-RNAi; 

UAS- lacZ 
58 days    

 Ddc-Gal4.3D; UAS-Rbf-RNAi; 
UAS-Drp1 

56 days Similar to 
control 

Similar to 
control 

 Ddc-Gal4.3D; UAS-Rbf-RNAi; 
UAS-Drp1-RNAi1JF02762 

66 days Increased Increased 

 Ddc-Gal4.3D; UAS-Rbf-RNAi; 
UAS-Drp1-RNAi2HMC03230 

76 days Increased Increased 

 
Table 5. 1: Summary of the Result. The altered expression of Rbf genes directed by Ddc-Gal44.3D 
UAS-Drp1 and Ddc-Gal44.3D UAS-Drp1-RNAi transgene on median lifespan and climbing ability of 
the critical class male flies. The effect of the altered expression of Drp1 genes directed by Ddc-
Gal44.3D UAS-Rbf-RNAi transgene on median lifespan and climbing ability of the critical class male 
flies. The Cells with blue highlight denote control; Orange highlight denotes the decreased 
compared to control; Green highlights denote the increase compare to control, and yellow 
highlights indicate the resulting longevity, and climbing ability is very similar to control.  
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Conclusions  

The Rbf protein does play major role in maintaining mitochondrial health transcriptionally. The 

Drp1 localizes in mitochondria and a fraction of Rbf localize in mitochondria to facilitate cell death. 

The decrease in lifespan and age-dependent loss in climbing ability observed in Drp1 

overexpression flies is rescued by Rbf overexpression. The inhibition of Rbf gene activity by the 

directed expression of an RNAi transgene in the selected neurons does not affect PD-like 

symptoms induced by Drp1 overexpression or inhibition in Drosophila. Interaction or co-

localization experiments are required to chart out the overall effect of cytosolic and nuclear role 

of Rbf. Additionally, it is important to elucidate the molecular changes associated with the loss of 

function of Rbf protein in development and function of dopaminergic neurons of Drosophila. 
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Chapter 6: The Buffy, Drp1 and Rbf-mediated rescue of α-
synuclein-induced Parkinson Disease Models in Drosophila 
melanogaster 
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Abstract 

Parkinson Disease (PD) is the second most common neurodegenerative disorder and is closely 

associated with the loss of DA neurons. Mutant forms of the a-synuclein gene were the first found 

to be associated with familial forms of PD. While the cellular functions of a-synuclein are not well 

understood; overexpression, mutation or post-translational protein modification can lead to the 

formation of LB, aggregates of a number of proteins with a-synuclein as a major component. The 

a-synuclein protein can greatly influence cellular function in ways that include dysfunction of the 

mitochondria, impairment of autophagy and failure to form the SNARE complex essential in vesicle 

formation. Several cellular mechanisms have been demonstrated to alleviate cellular dysfunction, 

including the participation of the anti-apoptotic Bcl-2 proteins and the mitochondrial fission 

protein, Drp1. The expression of α-synuclein in the selected neurons of flies directed by the Ddc-

Gal4 transgenes has provided a robust and very well-studied Drosophila model of PD characterized 

by locomotor defects and impairment to longevity. The co-expression of Buffy along with α-

synuclein results in the rescue of these longevity and climbing defects. The altered expression of 

Drp1 and α-synuclein in selected neurons offered an opportunity to highlight the role of Drp1 in 

mitochondrial-dependent neurodegeneration and death. The directed inhibition of Drp1 and the 

α-synuclein transgene directed by Ddc-Gal44.36 in Drosophila resulted in critical class flies with 

enhanced survival and improved climbing ability, whereas the overexpression of Drp1 in the α-

synuclein-induced Drosophila model of PD results in a much more severe climbing defect. Finally, 

the co-expression of the transcription factor Rbf along with α-synuclein counteracts the α-

synuclein-induced phenotypes to increase the median lifespan and improve the associated loss of 

locomotor ability. Overall, these experiments suggest that the protein products of Bcl-2, Drp1 and 
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Rbf genes function to protect mitochondria, either directly or indirectly, from the cellular 

dysfunction initiated by the altered expression of α-synuclein 

 

Introduction 
The gene encoding the a-synuclein protein was the first found to be associated with Parkinson 

Disease (PD). The protein product is a small soluble presynaptic nerve cell terminal protein with a 

somewhat elusive function. The histology of the PD brain and some other neurological disorders 

show abnormal aggregates of proteins, identified as Lewy Body, that contain a-synuclein as a 

major component (Recasens and Dehay 2014). LB are eosinophilic cytoplasmic inclusion with a 

dense core and surrounding fibrils that consist mainly of a-synuclein and are associated with other 

proteins including ubiquitin and neurofilament (Spillantini et al. 1997). The aberrant conformation 

of a-synuclein leads to the formation of an oligomeric species or protofibrils (Ingelsson 2016). The 

protofibrils are considered to be toxic and are believed to disrupt intracellular pathways to 

facilitate neuronal cell death. Mutant forms of the a-synuclein gene, found in some PD patients, 

include protein-altering point mutations and multiplications of gene copy numbers (Thomas and 

Beal 2011). Furthermore, post-translational modifications of the a-synuclein gene, protein 

product increase the aggregation of the protein (Thomas and Beal 2011; Zhang et al. 2019a). These 

protein alterations seem to cause the aggregation of insoluble proteins, which, eventually, may 

cause neurotoxicity and PD pathology. 

 

The hypothesis that the a-synuclein protein acts to induce toxicity has not been supported 

completely. Cytoplasmic a-synuclein interacts with lipid vesicles that are rich in cardiolipins with 
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a composition that is very similar to the mitochondrial inner membrane (Zigoneanu et al. 2012) 

but has little affinity for vesicles with a composition that is similar to the cardiolipin-lacking 

mitochondrial inner membrane. Post-mortem analysis reveals that a-synuclein is found to localize 

and accumulate at the mitochondria of the SNpc and striatum of PD subjects (Devi et al. 2008). 

One proposition is that mitochondrially-accumulated a-synuclein interacts with complex I to cause 

mitochondrial dysfunction (Devi et al. 2008). Normally, the affinity of a-synuclein for vesicles tend 

to depend upon the protein composition, curvature, fluidity, and surface charge (Kaur and Lee 

2020); cardiolipin is important in maintaining the curvature of the membrane. The N-terminal of 

a-synuclein interacts with lipid vesicles (Zigoneanu et al. 2012); and the N and C-termini 

demonstrate affinity towards GM1-rich vesicles (Kaur and Lee 2020). The GM1 is a ganglioside that 

contains sialic acid residue, affects neuronal plasticity, neuronal repair and release of 

neurotrophins. Membrane-bound a-synuclein has a dynamic nature and shows conformation 

elasticity to facilitate exocytosis (Kaur and Lee 2020). The role of a-synuclein in the maintenance 

of cellular homeostasis and the adversities caused by the abnormal functions of pathogenic a-

synuclein have proven to be very challenging to differentiate.  

 

A very important aspect of this series of studies is that while the expression of human a-synuclein 

in selected neurons has been able to reproduce PD-like phenotypes in flies, Drosophila 

melanogaster lacks an identified a-synuclein orthologue (Feany and Bender 2000; Nagoshi 2018). 

The phenotypes associated with the expression of human a-synuclein in flies include locomotor 

dysfunction, the loss of dopaminergic (DA) neurons and accumulation of proteinaceous 

aggregates containing a-synuclein similar to LB. The upregulation of the molecular chaperone 
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Hsp70 mitigates the DA neuronal loss caused by the presence and activities of a-synuclein (Auluck 

et al. 2002). Investigation of the interactions of a-synuclein with other proteins will contribute to 

understand a-synuclein function and PD pathology. The molecular mechanism of a-synuclein 

function has not been elucidated, in rat PC12 cells the extracellular a-synuclein enhanced the pro-

apoptotic gene expression and downregulated the expression of anti-apoptotic gene (Motyl et al. 

2017). The overexpression of the anti-apoptotic Drosophila Bcl-2 homologue, Buffy, or inhibition 

of pro-apoptotic Bcl-2 homologue, Debcl, has been shown to suppress a-synuclein-induced PD 

phenotypes in flies (Githure and Staveley 2016a, 2016c). The upregulation of the autophagy 

pathway could be mediated by the phosphorylation of Bcl-2 family proteins to degrade 

dysfunctional a-synuclein species in mouse (Zhang et al. 2019b). Another hypothesized role of a-

synuclein is that this protein can act to regulate the size of neuronal mitochondria through a 

currently undefined mechanism (Pozo Devoto and Falzone 2017). The overexpression of a-

synuclein can reduce the proportion of elongated mitochondria due to the overexpression of the 

mitochondrial fusion protein in human neuroblastoma cells (Kamp et al. 2010). Of special note, a-

synuclein-induced mitochondrial fragmentation is independent of the mitochondrial fission 

protein, Drp1, and can be altered by a pathogenic mutation in a-synuclein (Nakamura et al. 2011; 

Guardia-Laguarta et al. 2014). However, the inhibition of Drp1-rescued a-synuclein-induced 

models of PD in mammalian cell culture (Fan et al. 2019). This convoluted relationship reveals the 

complexity and sensitivity of a role for a-synuclein in this biological system.  

 

The broad spectrum of a-synuclein potential functions encompass interaction with the cell cycle 

regulatory proteins. The treatment of PC12 cells with extracellular a-synuclein results in an 
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increase in calcium influx, a disturbance of mitochondrial function, an induction of oxidative stress 

and an expansion of CDK5(Cyclin Dependent Kinase 5) activity (Motyl et al. 2017). The CDK5-

mediated phosphorylation of the Rb protein may be considered the first step in the initiation of 

neuronal cell death (Hamdane et al. 2005). The neuronal cell death observed in response to either 

treatment with dopamine or β-amyloid has been demonstrated to be dependent upon the 

expression of E2F1 (Giovanni et al. 2000; Jordan-Sciutto et al. 2003). Notably, neuronal cell death 

due to the loss of Rb function can be rescued by the concurrent loss of E2F1 (Jordan-Sciutto et al. 

2003). The role of the cell cycle protein in PD is unclear, however an altered staining pattern for 

Rb in PD patients can be observed (Jordan-Sciutto et al. 2003). The aberrant phosphorylation of 

the Rb protein in DA neurons of the SNpc, altered activity of E2F1, and E2F-inducible proteins 

(Höglinger et al. 2007) can suggest that there may be a role for Rb in the activation of the cell cycle 

in DA neurons and in the processes that lead to neuronal cell death. 

 

The role of mutation of the α-synuclein gene in the eventual production of the PD phenotypes is 

very well established. Here, I propose that the phenotypes that arise from the expression of α-

synuclein is due to dysfunctional mitochondria and can be rescued through the appropriate 

regulation of this process. The role of α-synuclein in disruption of mitochondrial dynamics 

established α-synuclein-induced models of PD is attractive to investigate the role of Bcl-2, Drp1 

and other mitochondrial protection proteins. I have employed Drosophila melanogaster as a 

model organism to study the phenotypic effects of the interactions of the α-synuclein with other 

mitochondrial protection proteins. In these experiments, I exploited the UAS-Gal4 system to direct 

the expression of the human α-synuclein gene in selected neuronal tissues using Ddc-Gal44.36 
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transgene. The expression of α-synuclein has led to PD phenotypes, compromised lifespan and the 

diminishment of climbing ability overtime. As well established in previous studies (Githure and 

Staveley 2016c), and strengthened by my experimental findings, the PD-like phenotypic effects of 

α-synuclein expression can be rescued by the co-expression of the anti-apoptotic Bcl-2 family 

protein gene, Buffy. In addition, I found that this phenotype can be suppressed by the 

overexpression of Rbf or partially rescued by alteration of the expression of the mitochondrial 

fission protein gene Drp1.  

 

Materials and Methods 
 

Drosophila stocks and media  
The; UAS-Rbf RNAi1HMS03004 (y[1] sc[*] v[1] sev[21]; P{y[+t7.7] 

v[+t1.8]=TRiP.HMS03004}attP2/TM3, Sb[1]); the UAS-Rbf RNAi2GL01293 (y[1] sc[*] v[1] sev[21]; 

P{y[+t7.7] v[+t1.8]=TRiP.GL01293}attP40); UAS-Rbf (w[*]; P{w[+mC]=UAS-Rbf.D}III); UAS-Drp1 

(y[1] w[*]; P{w[+mC]=FLAG-FlAsH-HA-Drp1}3, Ki[1]); the UAS-Drp1-RNAi1JF02762 (y[1] v[1]; 

P{y[+t7.7] v[+t1.8]=TRiP.JF02762}attP2}); and UAS-Drp1-RNAi2HMC03230 (y[1] v[1]; P{y[+t7.7] 

v[+t1.8]=TRiP.HMC03230}attP40); the UAS-Buffy (w[*]; P{w[+mC]=UAS-Buffy.S}E1); UAS-Buffy-

RNAi (w[*]; P{w[+mC]=UAS-Buffy.RNAi}3); UAS-Debcl EY05743 (y[1] w[67c23]; P{y[+mDint2] 

w[+mC]=EPgy2}Debcl[EY05743]); Ddc-Gal44.36(w[1118]; P{w[+mC]=Ddc-Gal4.L}Lmpt[4.36]; and 

UAS-lacZ4-1-2 stocks were obtained from Bloomington Drosophila Stock Center at Indiana 

University, Bloomington, Indiana, USA. The UAS-Debcl-RNAiv47515 (w1118; P{GD 1637}v47515) 

stock were obtained from Vienna Drosophila Resource Center. The UAS-α-synuclein was 

generously provided by Dr. M. Feany of Harvard Medical School (Feany and Bender 2000). The 
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Ddc-Gal4/TM3, UAS-α-syn/CyO derivative line was generated through standard homologous 

recombination methods (Githure and Staveley 2016) and were used for expression of α-synuclein 

in selected neurons directed by the Ddc-Gal44.36 transgene. All flies were maintained on standard 

cornmeal, molasses, yeast, and agar media treated with propionic acid and methylparaben to 

inhibit fungal growth. Stocks were maintained on solid media for two to three weeks before 

transfer onto new media to re-culture. Stocks were maintained at room temperature (22°C ± 2°C) 

while crosses and experiments were carried out at 25°C.  

 

Survival Assay 
The virgin’s females of Ddc-Gal4-UAS-α-synuclein genotype were collected every 8 to 12 hours for 

several days, and confirmed virgin female flies were then crossed with UAS-lacZ, UAS-Rbf’s, UAS-

Rbf-RNAi’s, UAS-Drp1, UAS-Drp1-RNAi’s, UAS-Buffy, UAS-Buffy-RNAi, UAS-Debcl and UAS-Debcl-

RNAi males. The cohort of critical class male flies was collected upon eclosion. At least two 

hundred fifty flies were aged per genotype at a density of 20 or fewer flies per vial to avoid 

crowding on fresh media, which was replenished every two to five days. Flies were observed and 

scored every second day for the viability. Observations continue until all flies are dead. Longevity 

data analysis was performed with the GraphPad Prism version 8 (graphpad.com), and survival 

curves were compared through the log-rank (Mantel-Cox) test. Significance was determined at 

95% confidence (P ≤ 0.05) with Bonferroni correction. 

 

Locomotor Analysis  
Approximately 70 male flies of the critical class were collected over 24 hours from the crosses 

similar to survival assay and maintained as cohorts of 10 flies in each vial. Flies are scored for their 
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ability to climb over their lifetime, and flies were transferred to new food every two to five days. 

Every week, 50 males from every genotype were assayed for their ability to climb a 10 centimetres 

glass tube divided into five levels of 2 cm each, in 10 seconds, in 10 repetitions (Todd and Staveley 

2004, 2012). The GraphPad Prism version 8 was used to analyze the data and generate the 

climbing curves, fitted via non-linear regression and compared using a 95% confidence interval 

with (P≤ 0.05) 

 

Results 

The expression of a-synuclein with Ddc-Gal44.36 

In these experiments, the control Ddc-Gal44.36; UAS-lacZ critical class males were determined to 

have a median lifespan of 92 days (n=361). The directed expression of α-synuclein by the Ddc-

Gal44.36 transgene results in decreased lifespan compared to the control shown (Figure 6.1A). The 

expression of α-synuclein resulted in median lifespans of 74 days in 331 flies, much lower 

compared to control flies (Figure 6.1A) as determined by log-rank (Mantel-Cox) test with a P-value 

at <0.0001. The expression of α-synuclein in neurons caused early onset of impairment in climbing 

ability. The non-linear fitting of the climbing curve shows the α-synuclein expression have 

compromised this locomotor ability phenotype compared to control at 95% CI (P-value <0.0001) 

(Figure 6.1B) (n=50). 
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Figure 6.1: Altered α-synuclein expression with Ddc-Gal44.36 transgene. A). In the control, Ddc-
Gal44.36 UAS-lacZ critical class males resulted in a median life span of 92 days (n=361). Expression 
of α-synuclein in Ddc-Gal44.36 UAS-α-synuclein transgene resulted in a median life span of 74 days 
(n=331), much lower compared to control as determined by the Log-rank Mantel-Cox test (P-value 
<0.0001) with Bonferroni correction. The graph of the longevity assay was generated by GraphPad 
prism8. B). The Ddc-Gal44.36 flies express UAS-lacZ in control flies. The climbing abilities of flies 
with α-synuclein expression have decreased compared to control as determined in the non-linear 
fitting of the climbing curve by a 95% confidence interval (p<0.0001). The graph of longevity assay 
was generated by GraphPad prism8 non-linear regression curve (n=50).  

 

 
A) 
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The altered co-expression of Buffy and Debcl with α-synuclein via Ddc-Gal4 4.36  
The expression of α-synuclein has led to the establishment of a number of Drosophila models of 

PD. In this experiment, the control Ddc-Gal44.36; α-synuclein; UAS-lacZ critical class males were 

determined to have a median lifespan of 78 days (n=257). The overexpression of Buffy in the Ddc-

Gal4; UAS-α-synuclein; UAS-Buffy flies have a median lifespan of 88 days (n=375), much higher 

compared to control as determined by log-rank (Mantel-Cox) test with a P-value at <0.0001. The 

inhibition of Buffy in the Ddc-Gal4; UAS-α-synuclein; UAS-Buffy-RNAi critical class male flies have 

a median lifespan of 68 days in 370 flies, similar to the control (Figure 6.2A) as determined by log-

rank (Mantel-Cox) test at a P-value at <0.0984. The overexpression of Buffy in neurons rescued 

the early onset of impairment in climbing ability of Ddc-Gal4; UAS-α-synuclein flies. The non-linear 

fitting of the climbing curve shows Buffy overexpression has rescued the climbing ability defect 

compared to control at a 95% CI (P-value <0.0001) (Figure 6.2B). The inhibition of Buffy in neurons 

caused early onset of impairment in climbing ability. The inhibition of Buffy by Ddc-Gal4 UAS-α-

synuclein; UAS-Buffy-RNAi further contributes to loss of the climbing ability throughout the life of 

critical class flies compared to control at a 95% CI (P-value 0.0005). (Figure 6.2B). 

The overexpression of Debcl in the Ddc-Gal4; UAS-α-synuclein; UAS-DebclEY05743 flies have a 

median lifespan of 66 days in 253 flies, which is much less compared to control (Figure 6.2A) as 

determined by log-rank (Mantel-Cox) test at a P-value at <0.0001. The inhibition of Debcl in the 

Ddc-Gal4 UAS-α-synuclein; UAS-Debcl-RNAi v47515 critical class male flies have a median lifespan of 

86 days in 315 flies, much higher compared to control flies (Figure 6.2A) as determined by log-

rank (Mantel-Cox) test with a P-value at <0.0001. The overexpression of Debcl by Ddc-Gal4 UAS-

α-synuclein; UAS-Debcl EY05743 further contributes to the impairment in the climbing ability defect 

compared to control at a 95% CI (P<0.0001). The inhibition of Debcl by Ddc-Gal4 UAS-α-synuclein; 
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UAS-Debcl-RNAiv47515 slightly increases the loss of the locomotor proficiency throughout the life of 

critical class flies compared to control at a 95% CI (P-value 0.0005) (Figure 6.2B) (n=50).  
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Figure 6.2: Altered expression of Buffy and Debcl, in the Ddc-Gal44.36 UAS-α-synuclein model of PD. 
A). In the control, Ddc-Gal44.36; UAS-α-synuclein; UAS-lacZ critical class males resulted in a median 
life span of 78 days (n=257). The overexpression of Buffy results in a median lifespan of 88 days 
(n=375) compares control; the inhibition of Buffy directed by the Ddc-Gal44.36; UAS-α-synuclein 
transgene, result in the median lifespan of 68 (n=370) much less compared to control, determined 
by Log-rank Mantel-Cox test at P value <0.0001, with Bonferroni correction. The overexpression 
of DebclEY05743 results in a median lifespan of 66 days (n=253) much less compares to control, 
determined by Log-rank Mantel-Cox test at P-value <0.0001; the inhibition of Debcl result in the 
median lifespan of 86 (n=315); much higher than control, determined by Log-rank Mantel-Cox test 
at p<0.0001, with Bonferroni correction. B). The GraphPad prism8 generated graph of the climbing 
abilities of Ddc-Gal4-α-synuclein flies with the expression of Buffy, Buffy-RNAi, DebclEY05743, Debcl-
RNAiv47515 and control. The climbing abilities of flies overexpressing Buffy has rescued compared 
to control as determined in the non-linear fitting of the climbing curve by a 95% confidence 
interval (p<0.0001). The climbing ability of flies has further worsened by the expression of UAS-
Buffy-RNAi, UAS-DebclEY05743 and UAS-Debcl-RNAiv47515 as determined by the non-linear fitting of 
the climbing curve by a 95% confidence interval with p value at 0.0005, <0.0001 and 0.0005 
respectively (n=50). The graph of longevity assay was generated by GraphPad prism8 non-linear 
regression curve.  
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The altered expression of the mitochondrial fission gene Drp1 with α-synuclein via Ddc-Gal4.36 
The loss of function of α-synuclein leads to compromised lifespan and diminished climbing ability 

over time. The control Ddc-Gal44.36; α-synuclein; UAS-lacZ critical class males were determined to 

have a median lifespan of 78 days (n=257). The overexpression of Drp1 along with α-synuclein 

expression via Ddc-Gal4 results in flies with a median lifespan of 94 days, which is much higher 

compared to control in 282 flies (Figure 6.3A) as determined by log-rank (Mantel-Cox) test with a 

P-value at <0.0001. The inhibition of Drp1 by the two RNAi transgenes, UAS-Drp1-RNAi1JF02762 and 

UAS-Drp1-RNAi2HMC03230, results in longer median lifespans of 88 and 84 days, in approximately 

250 flies, compared to the control (Figure 6.3A) as determined by log-rank (Mantel-Cox) test with 

a P-value at <0.0001. The overexpression of Drp1 by Ddc-Gal4 UAS-α-synuclein; UAS-Drp1 further 

contributes to loss of the climbing ability throughout the life of critical class flies compared to 

control at a 95% CI (P<0.0001). (Figure 6.3B). The inhibition of Drp1 by Ddc-Gal4 UAS-α-synuclein; 

UAS-Drp1-RNAi JF02762 and Ddc-Gal4 UAS-α-synuclein; UAS-Drp1-RNAi2HMC03230 rescue the climbing 

ability defect compared to control at a 95% CI with P-value of 0.0003 and 0.0015 respectively 

(Figure6.3B) (n=50).   
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Figure 6.3: Altered expression of Drp1, in the Ddc-Gal44.36 α-synuclein model of PD. A). In the 
control, Ddc-Gal44.36; UAS-α-synuclein; UAS-lacZ critical class males produced a median life span 
of 78 days (n=257). The overexpression of Drp1 results in the median lifespan of 94 days (n=382), 
much higher than control determined by the Log-rank Mantel-Cox test at P value of <0.0001, with 
Bonferroni correction. The inhibition of Drp1 by two RNAi lines directed by the Ddc-Gal44.36 UAS-
α-synuclein transgene, result in the median lifespan of 88 and 84 days much higher compared to 
control, determined by Log-rank Mantel-Cox test at P-value <0.0001 (n~250), with Bonferroni 
correction. The graph of longevity assay was generated by GraphPad prism8. B). The GraphPad 
prism8 generated graph of the climbing abilities of Ddc-Gal4 -α-synuclein flies with the expression 
of Drp1, Drp1-RNAi and control. The climbing abilities of flies overexpressing Drp1 has further 
compromised compared to control as determined in the non-linear fitting of the climbing curve 
by a 95% confidence interval (P-value <0.0001). The climbing ability of flies expressing UAS-Drp1-
RNAi’s has improved compared to control as determined by the non-linear fitting of the climbing 
curve at 95% confidence interval with P-value at 0.0003, 0.0015 (n=50). The graph of longevity 
assay was generated by GraphPad prism8 non-linear regression curve.  
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The altered expression of the Rbf with α-synuclein via Ddc-Gal44.36 
The loss of function of α-synuclein leads to a compromised lifespan and a diminished climbing 

ability over time. The Ddc-Gal44.36 UAS-α-synuclein UAS-lacZ critical males were determined to 

have a median lifespan of 78 days in 257 flies. Overexpression of Rbf in the Ddc-Gal4 UAS-α-

synuclein expressing flies results in the much-increased median life span of 100 days compared to 

the control in 376 flies as determined by log-rank (Mantel-Cox) test with a P-value at <0.0001. The 

two UAS-Rbf-RNAi transgenes, UAS-Rbf-RNAi HMS03004 and UAS-Rbf-RNAi2GL01293, when expressed 

along with Ddc-Gal4 α-synuclein, results in a median life span of 82 (n=327 flies) and 94 days 

(n=309 flies), respectively (Figure 6.4A) compared to control, as determined by log-rank (Mantel-

Cox) test with a P-value at <0.0001. The overexpression of Rbf by Ddc-Gal4 UAS-α-synuclein 

rescues the decline in climbing ability compared to control at 95% CI with P-value < 0.0001. The 

inhibition of Rbf by Ddc-Gal4 UAS-α-synuclein; UAS-Rbf-RNAi1 HMS03004 and Ddc-Gal4 UAS-α-

synuclein; UAS-Rbf-RNAi GL01293 further contributes to loss of the climbing ability throughout the 

life of critical class flies compared to control at a 95% CI with a P-value at <0.0001 and 0.0005 

respectively (Figure 6.4B) (n=50).  
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Figure 6.4: Altered expression of Rbf, in the Ddc-Gal44.36 UAS-α-synuclein model of PD. A). In the 
control, Ddc-Gal44.36; UAS-α-synuclein UAS-lacZ critical class males resulted in a median life span 
of 78 days (n=257). The overexpression of Rbf results in a median lifespan of 100 days (n=376), 
much higher compare to control determined by the Log-rank Mantel-Cox test at P-value of 
<0.0001, with Bonferroni correction. The inhibition of Rbf by two RNAi lines directed by the Ddc-
Gal44.36 UAS-α-synuclein transgene, result in the median lifespan of 82 and 94 days higher 
compared to control, determined by Log-rank Mantel-Cox test at P value <0.0001 (n~250), with 
Bonferroni correction. The graph of longevity assay was generated by GraphPad prism8. B). The 
GraphPad prism8 generated a graph of the climbing abilities of Ddc-Gal4 UAS-α-synuclein flies 
when expressing Rbf, Rbf-RNAi’s and control. The climbing abilities of flies overexpressing Rbf has 
improved compared to control as determined in the non-linear fitting of the climbing curve by a 
95% confidence interval (P-value <0.0001). The climbing abilities of flies expressing UAS-Rbf-RNAi’s 
has further compromised compared to control as determined in the non-linear fitting of the 
climbing curve by a 95% confidence interval with P-value of <0.0001 and 0.0005 (n=50). The graph 
of longevity assay was generated by GraphPad prism8 non-linear regression curve.  
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Discussion 
The dysfunctional mitochondria in PD pathogenesis and the role of α-synuclein in the impairment 

of mitochondrial health is critical. The overexpression or mutation of α-synuclein in PD patients 

and models of PD has been well established (Singleton et al. 2003; Winkler et al. 2007; Ingelsson 

2016). Here (see Table 6.1), the expression of α-synuclein directed through a Ddc-Gal44.36 

transgene activity compromised lifespan and climbing ability similar to PD-like phenotypes 

observed in earlier experiments (Githure and Staveley 2016c; Dehay and Fernagut 2016). Likely, 

this is due to the induction of apoptosis in DA neurons as α-synuclein impairs exocytosis of 

neurotransmitter. This affects the neuronal communication by the disruption of membrane 

trafficking, the alteration of the synaptic vesicle pool, the inhibition the presynaptic SNARE 

complex protein and the reduction of the retrieval of endocytic synaptic vesicles (Bridi and Hirth 

2018). The interactions with the mitochondrial complex I cause mitochondrial dysfunction (Devi 

et al. 2008). It can inhibit or alter various vesicular system including ER-Golgi transport, the 

ubiquitin-proteasome system, endosomal-lysosomal system, and autophagy in-turn promote 

apoptosis (Wang and Hay 2015). The disrupted pathways may indicate a protective mechanism 

initiated by α-synuclein to promote apoptosis and minimize the cellular damage. While the 

mechanism is unclear, the involvement of α-synuclein is evident in PD. 

 

To rescue the phenotype induced by α-synuclein expression, I altered the expression of the anti-

apoptotic Bcl-2 family member, Buffy. The overexpression of Buffy diminishes, and RNAi inhibition 

of Buffy enhances the α-synuclein-induced phenotypes of decreased median lifespan and early 

onset of climbing ability defect (Githure and Staveley 2016c). The role of Buffy in the protection 

against cellular impairment is well established in the rescue of PD phenotypes induced by various 



 
 

175 

other genes such as Pink1, HtrA2, Bax-inhibitor-1, Pdxk, MICU1 homologue, Pi3K59F, porin, 

CG2076, GHITM (Githure and Staveley 2016b, 2016c, 2016d, 2017a, 2017b, 2017c, 2017d). The 

inhibition of the Buffy antagonist, the pro-apoptotic Bcl-2 family member Debcl, (Quinn et al. 

2003), acts to partially rescue these phenotypes. The cellular function of Buffy is to protect 

mitochondria from harm (Senoo-Matsuda et al. 2005; Githure and Staveley 2017a). Buffy's rescue 

effect signifies that the mitochondrial associated pro-cell survival Bcl-2 protein functions 

downstream of α-synuclein initiated cellular dysfunction.  

 

The α-synuclein protein has been demonstrated to interact with the mitochondrial membrane and 

other vesicular membranes: the α-synuclein mutant mouse models have endocytic deficits in 

synaptic vesicles (Vargas et al. 2014). The loss of α-synuclein activity modifies the morphology of 

the mitochondria by modifying the Drp1 function at the mitochondrial membrane (Fan et al. 

2019). To emphasize the importance of mitochondrial fission, the α-synuclein-induced impairment 

of autophagy and mitochondrial function in rat DA neuronal cells can be rescued by the inhibition 

of Drp1 (Fan et al. 2019). My results show the novel rescue of α-synuclein expression phenotype 

by Drp1 inhibition, increase in median lifespan and an enhanced climbing ability over-time. 

Importantly, the overexpression of this Drp1 in selected neurons along with α-synuclein have 

resulted in a longer lifespan coupled with a severely impaired climbing ability. It implies that α-

synuclein induced toxicity is pro-apoptotic mitochondrial fragmentation; we found this can be 

rescued by a decrease in the expression of Drp1 and the pathway seems conserved between 

mammals and diptera. 
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To fully understand the consequences of direct or indirect interactions of Rbf and α-synuclein in 

the PD model, more experimental exploration is desirable. The overexpression of Rbf in the α-

synuclein-dependent PD models results in an increased median lifespan and rescued climbing 

ability defects. The α-synuclein mediated increase in CDK5 activity and Rb inactivation seems to 

be conserved in flies and can be rescued by Rb/Rbf overexpression (Hamdane et al. 2005). The rise 

in CDK5 function heightens E2F transcription factor activity and may be an underlying mechanism 

in neuronal cell death (Futatsugi et al. 2012). The expression of the Rbf-RNAi transgenes produced 

a toxic effect that produced a consistent decrease in climbing ability over time. The toxic effect of 

Rbf inhibition seems similar to the consequences of the inactivation of Rbf which frees E2F 

transcription factor (Höglinger et al. 2007). The E2F transcription factor initiates transcription of 

pro-apoptotic genes in neuronal cells (Liu and Greene 2001; Höglinger et al. 2007). The molecular 

mechanism by which Rbf modifies the α-synuclein induced PD-like phenotypes seems to involve 

E2F mediated transcription of the apoptotic genes. 
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 Genotype Median 
lifespan 

Lifespan 
Increased/
Decreased 

Climbing Ability 
Increased/ 
Decreased 

Control Ddc-Gal44.36; UAS-lac Z 92 days   
Experiment Ddc-Gal44.36; UAS-α-syn 74 days Decreased Decreased 
Control Ddc-Gal44.36; UAS-α-syn; UAS-

lacZ 
78 days   

Experiment Ddc-Gal44.36; UAS-α-syn; UAS-
Buffy 

88 days Increased Increased 

Ddc-Gal44.36; UAS-α-syn; UAS-
Buffy-RNAi 

68 days Decreased Decreased 

Ddc-Gal44.36; UAS-α-syn; UAS-
Debcl EY05743 

66 days Decreased Decreased 

Ddc-Gal44.36; UAS-α-syn; UAS-
Debcl-RNAiv47515 

86 days Increased Decreased 

Control Ddc-Gal44.36; UAS-α-syn; UAS-
lacZ 

78 days   

Experiment Ddc-Gal44.36; UAS-α-syn; UAS-
Drp1 

94 days Increased Decreased 

Ddc-Gal44.36; UAS-α-syn; UAS-
Drp1-RNAi-1JF02762 

88 days Increased Increased 

Ddc-Gal44.36; UAS-α-syn; UAS-
Drp1-RNAi-2HMC03230 

82 days Increased Increased 

Control Ddc-Gal44.36; UAS-α-syn; UAS-
lacZ 

78 days   

Experiment Ddc-Gal44.36; UAS-α-syn; UAS-
Rbf 

100 days Increased Increased 

Ddc-Gal44.36; UAS-α-syn; UAS-
Rbf-RNAi-1HMS03004 

82 days Increased Decreased 

Ddc-Gal44.36; UAS-α-syn; UAS-
Rbf-RNAi-2GL01293 

94 days Increased Decreased 

 
Table 6.1: Summary of the Results. The effect of the directed expression of UAS-α-synuclein by the 
Ddc-Gal44.36 transgene on the median lifespan and climbing ability of the critical class male flies. 
The effect of the altered expression of Buffy, Drp1 and Rbf genes directed by Ddc-Gal44.36 along 
with UAS-α-synuclein transgene on median lifespan and climbing ability of the critical class male 
flies. The cells with blue highlight denote control; orange highlight denotes the decreased 
compared to control and green highlights denote the increase compare to control. 
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Conclusion 
The aggregation of α-synuclein protein in DA neurons seems to promote the process of apoptosis. 

The overexpression of Buffy increases health span seems to protect mitochondria, by its anti-

apoptotic properties and prevent neuronal cell death. To some extent, the mitochondrial fission 

protein Drp1 can influences the α-synuclein-induced PD phenotype. As well the Rbf protein, which 

is known to regulate cell cycle and play a role in apoptosis regulation, can alter the α-synuclein-

induced phenotypes. The variation in the consequences of the altered expression of Buffy, Drp1 

and Rbf reveals the complexity of the cellular pathways that are transformed by the presence of 

α-synuclein aggregates in PD models. 
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Chapter 7: Altered expression of tribbles (trbl) in Drosophila 
models of Parkinson Disease 
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Abstract 
 

Cellular stresses may induce Parkinson Disease (PD) and other neurodegenerative diseases. The 

substantial influence of the insulin receptor signalling pathway in neurodegenerative diseases has 

led to the trbl. The evolutionarily well-conserved gene trbl is activated during cellular insults, such 

as oxidative, metabolic, and neuron-specific stresses. Thus, the trbl protein is a pseudokinase and 

can act in cell survival to promote apoptosis and autophagy. The overexpression of trbl in 

Drosophila melanogaster neurons under the control of the Ddc-Gal4 transgene decreases the 

lifespan and compromises climbing ability over time. The directed inhibition of trbl rescues the 

loss of parkin-dependent model of PD. Interestingly, the α-synuclein model of PD is rescued by the 

increased expression of trbl. The directed inhibition of trbl can enhance the PD-like phenotype 

generated by the loss of the Drp1 to become more severe. Alteration of the expression of trbl in 

three different Drosophila models of PD revealed the complex relationship between this 

modulator of the insulin receptor signalling pathway and its regulators. 

 

Introduction 

The tribbles (trbl) family of proteins is evolutionarily conserved in metazoans (Eyers et al. 

2017). The proteins encoded by the trbl homologues contain 1) a highly conserved central domain; 

2) a non-conserved N-terminal domain; and 3) a C-terminal domain that includes binding sites for 

both COP-1 and MEK1. In structure, trbl is a pseudokinase adaptor protein that is characterized by 

the presence of a non-catalytic kinase region (Fischer et al. 2017). Pseudokinases are pseudo 

enzymes that lack key catalytic residues and, therefore, are catalytically inactive (Jacobsen and 
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Murphy 2017). While the general functions of pseudokinase proteins remain uncertain, apparently 

these proteins function in the mediation of protein-protein interaction; have an involvement in 

cell signalling through the allosteric regulation of the protein kinases activities; act in the direction 

of cellular localization; and take part in the assembly of signalling complexes. The trbl 

pseudokinase proteins are often located in the nucleus and function primarily as adaptor proteins 

to mediate a wide range of intracellular pathways. 

Trib3, a human trbl homologue, regulates the function of the number of signalling pathways: 

1) suppression of Akt phosphorylation; 2) transcriptional activation of CHOP; 3) promotion of ATF4 

proteolysis; 4) interaction with MAPKK; and 5) mediation of the degradation of ACC (acetyl-

coenzyme A) by E3 ubiquitin ligase (Yokoyama and Nakamura 2011). Abnormalities in insulin 

receptor signalling (IRS) have been linked to various human conditions and diseases, including 

neurodevelopmental disorders such as PD and Multiple Sclerosis and the trbl proteins play 

essential roles in this pathway (Fischer et al. 2017). The expression of Trbl3 increases in response 

to a variety of stresses, including mitochondrial stress, endoplasmic reticulum stress, oxidative 

stress, metabolic stress and various neuronal stresses. The trbl3 expression increases in PC12 cells 

when treated with dopaminergic toxins, 6-OHDA or MPP+ (Aimé et al. 2015). The Trbl protein can 

be a part of an E3 ubiquitin ligase complex and functions in the ubiquitination of a number of 

proteins and organelles to initiate the degradation (Eyers et al. 2017). Depending on the molecular 

cue, the trbl proteins can act to promote both aspects of the processes of apoptosis and autophagy 

to alleviate neuronal stress. 

The pathophysiology of PD is associated with abnormal accumulation of α-synuclein in the 

substantia nigra pars compacta (SNpc). The mutations of a-synuclein have been determined to 
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cause the excessive aggregation of Lewy Bodies (LB) and Lewy Neurites (LN) (Stefanis 2012). The 

α-synuclein associated models of PD show formation of proteinaceous inclusions, degeneration of 

dopaminergic (DA) neuron and the development of locomotion deficits over-time (Cheng et al. 

2018). Another PD gene, parkin (park), encodes an E3-ubiquitin-ligase and is vital in regulating 

mitochondrial health. Parkin, along with Pink1, regulates the process of mitophagy. The role of the 

parkin extends to the degradation of misfolded proteins and the promotion of autophagy. Parkin 

acts to suppress dopaminergic toxicity induced by the activity of α-synuclein in Drosophila (Yang 

et al. 2003). The mitochondrial fission protein, Drp1, acts to assist the Parkin E3 ubiquitin ligase in 

the process of mitophagy and to support the segregation of depolarised mitochondria (Twig et al. 

2008). The cellular stress caused by the presence of misfolded proteins in mitochondria and ER 

play pivotal roles in neurodegeneration (Bermales et al. 2012). In a concerted effort, Parkin, Drp1 

and trbl respond to cellular stress due to the presence of misfolded proteins and promote the 

processes of autophagy and apoptosis in a manner dependent upon the molecular environment 

of the cell. The Parkin and Drp1 proteins interact with mitochondrial membrane proteins and have 

an important role in autophagy, a key step to alleviate stress caused by the accumulation of 

misfolded proteins. 

Properties of the IRS pathway are highly conserved between mammals, including Homo 

sapiens, and insects, such as Drosophila melanogaster. Drp1, trbl, and parkin are highly conserved 

among these divergent species and appear to have very similar functions. Due to these properties, 

the effect of alterations in trbl expression in the parkin-RNAi, Drp1-RNAi and a-synuclein-

dependent Drosophila models of PD was hypothesised to help elucidate the specific sub-cellular 

processes in humans and human-related diseases. This study aims to observe the effects of altered 
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expression of trbl under the control of the Ddc-Gal4 and GMR-Gal4 transgenes. Evidence of 

neuronal dysfunction is detected by analyzing the number of ommatidia, intra-ommatidial bristle 

number and ommatidial area of the D. melanogaster compound eye. The inhibition and 

overexpression of trbl by Ddc-Gal4 in combination with parkin-RNAi, Drp1-RNAi, and the human 

a-synuclein transgenes will be analyzed using ageing and locomotion analysis. The inhibition of trbl 

in concert with Ddc-Gal44.3D UAS-parkin-RNAi transgene resulted in an increased median lifespan 

and an enhanced ability to climb over time. The inhibition and overexpression of trbl along with 

Drp1-RNAi further augment the PD-like phenotypes. The overexpression of trbl along with the a-

synuclein transgene increased the lifespan and climbing ability to a great degree. The purpose of 

this study is to further understand the role of trbl in D. melanogaster and to make implications of 

its role in the IRS and human-related diseases.  

 

Materials and methods 
Bioinformatic analysis 
Protein sequences were obtained from the National Center of Biotechnology Information (NCBI) 

database (https://www.ncbi.nlm.nih.gov/protein/). The conserved domains and ATP binding 

regions were identified using the NCBI Conserved Domain Database 

(https://www.ncbi.nlm.nih.gov/cdd/), and Eukaryotic Linear Motif (http://elm.eu.org/). Multiple 

sequence alignment was accomplished through the use of Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/)  to reveal the conservation of domains and further 

confirmed by TargetATPsite (http://www.csbio.sjtu.edu.cn:8080/TargetATPsite/index.jsp). The 
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conserved Catalytic loop, Mg2+ binding site, MEK-1 Binding site and COP-1 Binding site was 

identified from comparison to canonical kinase (Dobens and Bouyain 2012). 

 

Drosophila stocks and media 
The Ddc-Gal44.36(w[1118]; P{w[+mC]=Ddc-Gal4.L}Lmpt[4.36]; Ddc-Gal44.3D(w[1118]; 

P{w[+mC]=Ddc-GAL4.L}4.3D); GMR-Gal412; UAS-lacZ4-1-2; UAS-trbl-1 or  UAS-trbl.M 

(w[1118];P{w[+mC]=UASp-trbl.M}3), UAS-trbl-2 or UAS-trblEP3519 

(w[1118];P{w[+mC]=EP}trbl[EP3519]/TM6B, Sb [1]), UAS-trbl-3 or UAS-trblEP1119 

(w[1118];P{w[+mC]=EP}trbl[EP1119]/TM6B, Tb [1]), UAS-trbl-RNAi-1 or UAS-trbl RNAiHMS04999 

(y[1]sc[*]v[1];P{y[+7.7]v[+1.8]=TRiP.HMS04999}attP2), UAS-trbl-RNAi-2 or UAS-trbl RNAiHMC04159 

(y[1]sc[*]v[1];P{y[+7.7]v[+1.8]=TRiP.HMC04159}attP2), UAS-trbl-RNAi-3 or UAS-trbl RNAi GL01337 

(y[1]sc[*]v[1];P{y[+7.7]v[+1.8]=TRiP.GL01337}attP2) and the UAS-Drp1-RNAi (y[1] v[1]; P{y[+t7.7] 

v[+t1.8]=TRiP.JF02762}attP2}); stocks were obtained from Bloomington Drosophila Stock Center 

at Indiana University, Bloomington, Indiana, USA. The UAS-parkin-RNAi line was obtained from Dr. 

B. Lu (Yang et al. 2003, 2006). The UAS-α-synuclein was generously provided by Dr. M. Feany of 

Harvard Medical School (Feany and Bender 2000). The Ddc-Gal44.3D parkin-RNAi, Ddc-

Gal44.3DDrp1-RNAi and Ddc-Gal44.36 α-synuclein lines were produced through standard methods 

(M’angale and Staveley 2016). All flies were maintained on standard 

cornmeal/molasses/yeast/agar media treated with propionic acid and methylparaben to resist 

fungal growth. Stocks were kept at room temperature (22° ± 3° C), whereas crosses and 

experiments were maintained at 25°C. 
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Survival assay 
Female virgins were collected every 8 to 12 hours for several days. The confirmed virgin flies were 

then crossed with UAS-lacZ, UAS-trbl and UAS-trbl-RNAi males. Critical class male progeny were 

collected from these matings until approximately 250 flies of each genotype were obtained. To 

avoid over-crowding, the flies were maintained in cohorts of 25 or less per vial on standard 

cornmeal/molasses/yeast/agar media. Flies were scored every second day for viability and were 

transferred to new food every two to five days. The scoring continued until all flies had died (Todd 

and Staveley 2004, 2012). The longevity data were analyzed using GraphPad Prism version 8 

statistical software (graphpad.com), and survival curves were compared by the Mantel-Cox test. 

Significance were determined at a 95% confidence level (P ≤ 0.05) with Bonferroni correction. 

 

Locomotor analysis 
The 70 critical class male flies were collected within 24 hours and maintained as cohorts of ten 

flies in each vial. The media was replenished twice a week. The climbing assay was performed as 

previously described according to a standard protocol (Todd and Staveley 2004, 2012). Briefly, 

every week 50 males were assayed, in groups of 10, for their ability to climb a glass tube divided 

into five levels of 2 cm each. The climbing index was calculated for each week using GraphPad 

prism version 8 statistical software. The climbing curve was fitted using nonlinear regression and 

determined at a 95% confidence interval (P ≤ 0.05). 

 

Biometric analysis of the Drosophila melanogaster eye 
Female virgins of the GMR-Gal4 genotype were collected every 8 to 12 hours for several days. 

Then, the confirmed virgins were crossed with the males of UAS-lacZ, UAS-trbl and UAS-trbl1-RNAi 
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genotypes. The resultant critical class male progeny were collected for each genotype. The 

collected flies were kept as cohorts of 10 flies or less upon fresh media and allowed to age for 3 

to 4 days. The flies were prepared for scanning electron microscopy following the standard 

protocol established in our lab (Githure and Staveley 2017). Ommatidia and interommatidial 

bristle counts were performed on ten or more flies of each genotype using the National Institute 

of Health (NIH) ImageJ software. The ommatidium area was calculated by measuring the area of 

5 distinct ommatidial “rosettes” per fly eye and then dividing by 7 to determine the mean area of 

each ommatidium; done on ten eyes of each genotype. The Biometric analysis was performed 

using GraphPad Prism version 8 statistical software. Significance were determined at 95% 

confidence level (P ≤ 0.05). 

 

Results: 
 
Trbl is highly conserved among Homo sapiens and Drosophila melanogaster 
The trbl protein sequence of D. melanogaster was sourced from NCBI Protein Database, and the 

conserved sequences were identified by using the NCBI Conserved Domain Database. NCBI protein 

Blast of trbl protein sequence of D. melanogaster (NP_524672.1) with the H. sapiens, identified 

the trbl homologue 2 (NP_067675.1), it has a protein sequence that is 39% identical and 58% 

similar. The multiple sequence alignment of the two proteins derived by Clustal Omega (Figure 

7.1) shows a highly conserved Protein Kinase, catalytic domain. The well-conserved ATP binding 

domains were identified by NCBI CDD; 131-134, 139, 152, 154, 189, 264, 268-269 and 283-284 in 

trbl of D. melanogaster and 67-70, 76, 88, 90, 114, 175, 179-180 and 194-195 of H. sapiens (Table 

7.1). The Catalytic loop, Mg2+ binding site, MEK-1 binding site and COP-1 binding site is well 
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conserved (Dobens and Bouyain 2012). As this protein is well conserved, it may be very likely that 

the functions may be very similar. 
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Conserved sequence D. melanogaster (trbl) H. Sapiens (trbl3) 

ATP binding site 131-134 67-70 

139 76 

152 88 

154 90 

189 114 

264 175 

268-269 179-180 

283-284 194-195 

Catalytic loop 263-269 174-180 

Mg2+ Binding site 281-284 192-195 

MEK-1 binding site 391-397 302-308 

COP-1 binding site 436-440 336-340 

Table 7. 1: Tabulation of the canonical sequence of the conserved domains between the Homo 
sapiens trbl3 and Drosophila melanogaster trbl proteins.  
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Figure 7.1: Trbl is evolutionarily conserved between Drosophila and humans. A Clustal Omega 
multiple sequence alignment (Sievers et al. 2011) of D. melanogaster trbl (NP_524672.1) with the 
H. sapiens (NP_067675.1) shows evolutionarily conserved domains identified using the NCBI 
Conserved Domain Database (CDD) and further confirmed by the Eukaryotic Linear Motif (ELM) 
resource. The well documented Mg2+ binding site, MEK-1 binding site, COP-1 binding site and ATP 
binding sites in H. sapiens and D. melanogaster. The asterisks indicate the residues that are 
identical; the colons indicate the conserved substitutions; and the dots indicate the semi-
conserved substitutions. Colour differences indicate the chemical nature of amino acids: red 
indicates small hydrophobic (includes aromatic) residues; blue indicates acidic; magenta indicates 
basic; and green indicates basic with hydroxyl or amine groups.  
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The overexpression and inhibition of trbl directed by Ddc-Gal44.3D  
As the control, Ddc-Gal44.3D; UAS-lacZ critical class males were determined to have a median 

lifespan of 68 days (n=340). The overexpression of trbl by UAS-trbl-1.M, UAS-trbl-2EP3519 and UAS-

trbl-3EP1119 under the direction of the Ddc-Gal44.3D transgene produced median lifespans of 66 

(n=259), 64 (n=254) and 54 (n=261) days, with last showing a significant decrease compared to 

the control with a P-value of 0.6594, 0.1590 and <0.0001 respectively, (Figure 7.2A) as determined 

by log-rank (Mantel-Cox). The inhibition of trbl by UAS-trbl-RNAi1, UAS-trbl-RNAi2 and UAS-trbl-

RNAi3 under the direction of the Ddc-Gal44.3D transgene has a median lifespan of 78 (n=257), 70 

(n=263) and 70 (n=268) days, increased compared to the control with a P-value <0.0001, 0.0280 

and 0.0078 respectively (Figure 7.2B) as determined by log-rank Mantel-Cox test with Bonferroni 

correction. The overexpression and inhibition of trbl in neurons caused early onset of impairment 

in climbing ability. The non-linear fit of the climbing curve shows trbl overexpression lines has 

compromised the climbing ability phenotype compared to control at 95% CI (P-value <0.0001) 

(Figure 2C) (n=50). The non-linear fitting of the climbing curve shows trbl inhibition lines has 

compromised the climbing ability phenotype compared to control at 95% CI (P-value 0.0002, 

<0.0001 and 0.1163) (Figure 7.2C) (n=50). 
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Figure 7. 2: Altered trbl expression under the control of Ddc-Gal44.3D influences the survival and 
climbing ability of flies. A. The GraphPad prism8 generated graph of the longevity assay for the 
expression of trbl, trbl RNAi’s under the control of Ddc-Gal44.3D transgene. The overexpression 
results in decreased median lifespan of 66 days in trbl.M(UAS-trbl-1), 64 days in trblEP3519(UAS-trbl-
2) and 54 days in trblEP1119 (UAS-trbl-3) compared to 68 days of control determined by Log-rank 
Mantel Cox test, with Bonferroni correction. B. The inhibition of trbl under the control of Ddc-Gal4 
transgene results in increased lifespan of 78 days with UAS-trbl-RNAi-1(trbl-RNAiHMS04999), 70 days 
with UAS-trbl-RNAi-2(trbl-RNAiHMC04159) and 70 days with UAS-trbl-RNAi3(trbl-RNAiGL01337) 
compare to 68 days of control determined by Log-rank Mantel Cox test, with Bonferroni 
correction. C. The GraphPad prism8 generated graph of the climbing abilities of flies with 
overexpression of trbl, trbl RNAi and control. The non-linear fitting of the climbing ability of trbl 
overexpression and trbl RNAi’s flies is less compared to control as determined at 95% confidence 
intervals. Error bars indicate the SEM and n=50.  
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The altered co-expression of trbl along with parkin-RNAi via Ddc-Gal44.3D  
The loss of function of the parkin has led to the establishment of several Drosophila models of PD. 

In this experiment, the control Ddc-Gal44.3D UAS-parkin-RNAi UAS-lacZ critical males were 

determined to have a median lifespan of 64 days (n=251). The overexpression of trbl by UAS-trbl1 

and UAS-trbl-3 along with UAS-parkin-RNAi under the direction of the Ddc-Gal4 transgene has a 

median lifespan of 66 (n=374) and 64 days (n=376), similar to control with a P-value of 0.8549 and 

0.0512. However, the UAS-trbl-2 along with UAS-parkin-RNAi under the direction of the Ddc-Gal4 

transgene has a median lifespan of 54 days (n=255), much less compare to the control with a P 

value of <0.0001 as determined by log-rank (Mantel-Cox) test with a Bonferroni correction (Figure 

7.3A). The inhibition of UAS-trbl-RNAi1, UAS-trbl-RNAi2 and UAS-trbl-RNAi3 along with UAS-

parkin-RNAi under the direction of the Ddc-Gal4 transgene has a median lifespan 76 (n=287), 70 

(n=319) and 70(n=324) days, increased compared to the control (Figure 3B) with a P value <0.0001 

as determined by log-rank Mantel-Cox test with a Bonferroni correction. The non-linear fitting of 

the climbing curve shows trbl overexpression has further contributes to loss of the climbing ability 

throughout the life of critical class flies compared to control at 95% CI (p <0.0001) (Figure 7.3C). 

The inhibition of trbl by UAS-trbl-RNAi2 and UAS-trbl-RNAi3 along with Ddc-Gal4 UAS-parkin-RNAi 

has climbing curve similar to control at 95% CI (P value=0.0523 and 0.0577). The inhibition by UAS-

trbl-RNAiHMS04999 has partially rescued the decline in climbing ability compared to control at 95% 

CI with P-value 0.0003 (Figure 7.3C) (n=50). 
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Figure 7.3: Altered trbl expression in the Ddc-Gal44.3D parkin-RNAi model of PD. A. The graph of 
longevity assay generated by GraphPad prism8 with altered trbl expression in Ddc-Gal44.3D parkin-
RNAi expressing flies. The overexpression results in median lifespan of 66 days in UAS-trbl.M(trbl-
1) and 64 days by UAS- trblEP1119(trbl-3) similar to 64 days of control (lacZ/Drp1-RNAi); the UAS- 
trblEP3519(trbl-2) has lifespan of 54 days much lower compared to control determined by Log-rank 
Mantel-Cox test, with Bonferroni correction. B.  The inhibition of trbl under the control of Ddc-
Gal4 UAS-parkin-RNAi transgene results in increased median lifespan of 76 days in UAS-trblRNAi-
1 (trbl-RNAiHMS04999), 70 days in UAS-trbl-RNAi-2(trbl-RNAiHMC04159) and 70 days in UAS-trbl-
RNAi3(trbl-RNAiGL01337) compare to 64 days of control determined by Log-rank Mantel Cox test, 
with Bonferroni correction. C. The climbing abilities of flies with overexpression of trbl’s, trbl RNAi’s 
and control. The climbing abilities of trbl overexpression flies have decreased over time compared 
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to control as determined in nonlinear fitting of the climbing curve at 95% confidence interval. The 
climbing abilities of trbl RNAi1 flies have partially rescued compare to control as determined in 
nonlinear fitting of climbing curve at 95% confidence interval. The climbing abilities of trbl RNAi2 
and trbl-RNAi3 flies have no significant change over time compare to control as determined in 
nonlinear fitting of climbing curve at 95% confidence interval.  
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The altered co-expression of trbl along with Drp1-RNAi via Ddc-Gal44.3D 
The control Ddc-Gal44.3D; UAS-Drp1-RNAi; UAS-lacZ critical class males were determined to have a 

median lifespan of 70 days (n=323). The overexpression of trbl by UAS-trbl-1 and UAS-trbl-3 along 

with UAS-Drp1-RNAi under the direction of the Ddc-Gal4 transgene has a median lifespan of 70 

(n=290) and 68 days (n=385), similar to control with a P-value of 0.06696 and 0.0625 respectively. 

However, the UAS-trbl-2 along with UAS-Drp1-RNAi under the direction of the Ddc-Gal4 transgene 

has a median lifespan of 56 days (n=253), much less compare to the control with a P-value of 

<0.0001 as determined by log-rank (Mantel-Cox) test with a Bonferroni correction (Figure 7.4A). 

The inhibition of UAS-trbl-RNAi1, UAS-trbl-RNAi2 and UAS-trbl-RNAi3 along with UAS-Drp1-RNAi 

under the direction of the Ddc-Gal4 transgene has a median lifespan 56 (n=267), 56 (n=339) and 

62 (n=346) days respectively, much less compared to the control (Figure 7.4B) with a P-value 

<0.0001 as determined by log-rank Mantel-Cox test with a Bonferroni correction.  

The non-linear fit of the climbing curve shows trbl overexpression by UAS-trbl-1.M and UAS- trbl-

2 along with Ddc-Gal4 UAS-Drp1-RNAi, further contributes to loss of the climbing ability 

throughout the life of critical class flies compared to control at 95% CI (P-value= 0.0309 and 

<0.0001). The overexpression of trbl by UAS-trbl-3EP1119 under the direction of Ddc-Gal4 UAS-Drp1-

RNAi has climbing curve similar to control at 95% CI (P value= 0.3710). The inhibition of trbl by 

UAS-trbl-RNAi, UAS-trbl-RNAi2 and UAS-trbl-RNAi3 along with Ddc-Gal4 UAS-Drp1-RNAi, further 

contributes to loss of the climbing ability throughout the life of critical class flies compared to 

control at 95% CI (P-value=<0.0001) (Figure 7.4C) (n=50).  
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Figure 7.4: Altered trbl expression when coupled with Ddc-Gal44.3D Drp1-RNAi. A. The graph of 
longevity assay generated by GraphPad prism8 with altered trbl expression in Ddc-Gal44.3D Drp1-
RNAi expressing flies. The overexpression results in median lifespan of 70 days by UAS-trbl.M(trbl-
1) and 68 days by UAS- trblEP1119(trbl-3) similar to 68 days of control (lacZ/Drp1-RNAi); the UAS- 
trblEP3519(trbl-2) has lifespan of 56 days significantly lower than control determined by Log-rank 
Mantel-Cox test, with Bonferroni correction. B.  The inhibition of trbl in neurons using Ddc-Gal44.3D 
transgene along with Drp1-RNAi results in decreased median lifespan of 56 days with UAS-trbl-
RNAi-1 (trbl-RNAiHMS04999), 56 days with UAS-trbl-RNAi-2(trbl-RNAiHMC04159) and 62 days with UAS-
trbl-RNAi3(trbl-RNAiGL01337) compare to 68 days of control done by Log-rank Mantel Cox test, with 
Bonferroni correction. C. The GraphPad prism8 generated graph of the climbing abilities of flies 
with overexpression of trbl, trbl RNAi and control. The climbing abilities of trbl overexpression and 
trbl RNAi flies have significantly decreased over time compared to control as determined in 
nonlinear fitting of the climbing curve by 95% confidence interval.  
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The overexpression and inhibition of trbl with Ddc-Gal44.36  
The control Ddc-Gal44.36; UAS-lacZ critical class males were determined to have a median lifespan 

of 92 days (n=361). The overexpression of trbl by trbl1-.M, UAS-trbl-2EP3519, and UAS-trbl-3EP1119 

under the direction of Ddc-Gal44.36 transgene has a median lifespan of 84 (n=307), 80 (n=256) and 

76 (n=300) days, decreased compared to control with a P-value of <0.0001, 0.0002 and <0.0001 

respectively, (Figure 7.5A) as determined by log-rank (Mantel-Cox). The inhibition of trbl by UAS-

trbl-RNAi1HMS04999 under the direction of the Ddc-Gal4 transgene has a median lifespan of 102 

(n=342), increased compared to the control with a P-value 0.0002 (Figure 7.5B). The inhibition of 

trbl by UAS-trbl-RNAi2HMC04159 and UAS-trbl-RNAi3GL01337 under the direction of the Ddc-Gal44.36 

transgene has a median lifespan of 90 (n=300) and 92 days (n=301), similar to control with a P 

value of <0.0001 as determined by log-rank Mantel-Cox test with Bonferroni correction. The 

overexpression and inhibition of trbl in neurons caused early onset of impairment in climbing 

ability. The non-linear fitting of the climbing curve shows trbl overexpression lines has 

compromised the climbing ability phenotype compared to control at 95% CI (P-value <0.0001) 

(Figure 7.5C) (n=50). The non-linear fitting of the climbing curve shows trbl inhibition by UAS-trbl-

RNAi1HMS04999, UAS-trbl-RNAi2HMC04159 and UAS-trbl-RNAi3GL01337 lines has compromised the 

climbing ability phenotype compared to control at 95% CI (P-value <0.0001, <0.0001 and 0.0336) 

(Figure 7.5C) (n=50). 
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Figure 7.5: Altered trbl expression under the control of Ddc-Gal44.36 influences the survival and 
climbing ability of flies. A. The GraphPad prism8 generated graph of the longevity assay for the 
expression of trbl, trbl RNAi’s under the control of the Ddc-Gal44.36 transgene. The directed 
expression results in decreased median lifespan of 84 days in trbl.M(UAS-trbl-1), 80 days in 
trblEP3519(UAS-trbl-2) and 76 days in trblEP1119 (UAS-trbl-3) compared to the control of 92 days 
determined by Log-rank Mantel Cox test, with Bonferroni correction. B. The directed inhibition 
results in median lifespan of 102 days in UAS-trblRNAi1HMS04999 increased compared to control; the 
directed inhibition by UAS-trblRNAi2HMC04159 and UAS-trblRNAi3GL01337 result in median lifespan of 
90 and 92 days similar to the control determined by Log-rank Mantel Cox test, with Bonferroni 
correction. C. The GraphPad prism8 generated graph of the climbing abilities of flies with 
overexpression of trbl, trbl-RNA’s and control. The non-linear fitting of the climbing ability of trbl 
overexpression and trbl RNAi’s flies is less compared to control as determined by comparing the 
95% confidence intervals. Error bars indicate the SEM and n=50.  
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The altered co-expression of trbl along with α-synuclein via Ddc-Gal44.36 
For these experiments, the control Ddc-Gal44.36; UAS-α-synuclein; UAS-lacZ critical class males 

were determined to have a median lifespan of 78 days (n=374). The overexpression of trbl by UAS-

trbl1-.M, UAS-trbl-2EP3519 and UAS-trbl-3EP1119 along with UAS-α-synuclein under the direction of 

the Ddc-Gal4 transgene has a median lifespan of 98 (n=363), 104 (n=364) and 102 (371) days 

increased compared to control with a P value of <0.0001 as determined by log-rank (Mantel-Cox) 

test with a Bonferroni correction (Figure 7.6A). The inhibition of trbl by UAS-trbl-RNAi1HMS04999, 

UAS-trbl-RNAi2HMC04159 and UAS-trbl-RNAi3GL01337 under the direction of the Ddc-Gal4 transgene 

has a median lifespan of 80 (n=374), 78 (n=379) and 80 (n=346) days, very similar to the control 

with a P-value <0.0001, 0.0002 and 0.0150 respectively (Figure 7.6B) as determined by log-rank 

Mantel-Cox test with Bonferroni correction. The overexpression of trbl by UAS-trbl-1.M, UAS-trbl-

2EP3519 and UAS-trbl-3EP1119 has partially rescue the decline in climbing ability compare to control 

at 95% CI with P-value <0.0001 (Figure 6C) (n=50). The inhibition of trbl by UAS-trbl-RNAi1HMS04999 

and UAS-trbl-RNAi3GL01337 along with Ddc-Gal4 UAS-α-synuclein-RNAi has climbing curve similar to 

control at 95% CI (P-value= 0.0648 and 0.1485). The inhibition of trbl by UAS-trbl-RNAi2HMC04159 

has partially rescued the decline in climbing ability compare to control at 95% CI with P-value 

<0.0001 (Figure 7.6C) (n=50). 
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Figure 7.6: Altered trbl expression under the control of Ddc-Gal44.36 with α-synuclein influences 
the survival and climbing ability of flies. A. The GraphPad prism8 generated graph of the longevity 
assay for the expression of trbl, trbl RNAi’s under the control of Ddc-Gal44.36 UAS-α-synuclein 
transgene. The directed expression results in increased median lifespan of 98 days in trbl.M-1, 104 
days in UAS-trbl-2EP3519 and 102 days in UAS-trbl-3EP1119 compared to the control of 78 days 
calculated by Log-rank Mantel Cox test, with Bonferroni correction. B. The inhibition of trbl under 
the control of Ddc-Gal44.36 UAS-α-synuclein transgene results in lifespan of 80 days with UAS-trbl-
RNAi-1HMS04999, 78 days with UAS-trbl-RNAi-2HMC04159 and 82 days with UAS-trbl-RNAi-3GL01337 
similar to 78 days of control done by Log-rank Mantel Cox test, with Bonferroni correction. C. The 
GraphPad prism8 generated graph of the climbing abilities of flies with overexpression of trbl, trbl 
RNA’si and control. The climbing ability of trbl overexpression flies is increased compared to 
control as determined in nonlinear fitting of the climbing curve by 95% confidence interval. The 
climbing ability of UAS-trbl-RNAi-1HMS04999 and UAS-trbl-RNAi-3GL01337 flies is similar to control and 
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the climbing ability of UAS-trbl-RNAi-2 HMC04159 flies is rescued compared to control as determined 
in nonlinear fitting of the climbing curve by 95% confidence Interval.  
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The altered expression of trbl during development of eye via GMR-Gal4 
In complementary experiments the inhibition and overexpression of trbl, directed by the GMR-

Gal4 transgene in the neuron-rich developing eye of flies influences eye development. The control 

GMR-Gal4; UAS-lacZ critical class males were determined to have an ommatidial count of 700.7 

(n=15). The overexpression of trbl by UAS-trbl-1.M, UAS-trbl-2EP3519 and UAS-trbl-3EP1119 under the 

direction of the GMR-Gal4 transgene has mean ommatidial count of 693.5, 693.8 and 698.4 

respectively similar to control with a P-value of 0.3746, 0.3530 and 0.7438 as determined by 

unpaired T-test (Figure 7.7B). The inhibition of trbl by UAS-trbl-RNAi1HMS04999, UAS-trbl-

RNAi2HMC04159 and UAS-trbl-RNAi3GL01337 under the direction of the GMR-Gal4 transgene has mean 

ommatidial count of 720.9, 720.8 and 729.7 respectively, higher compared to control with a P-

value of 0.0016, 0.0134 and 0.0016 as determined by unpaired t-test (Figure 7.7B). 

The control GMR-Gal4; UAS-lacZ critical class males were determined to have an interommatidial 

bristle count of 498.5 (n=15). The overexpression of trbl by UAS-trbl-1.M, UAS-trbl-2EP3519 and UAS-

trbl-3EP1119 under the direction of the GMR-Gal4 transgene has mean interommatidial bristle count 

of 492.6, 500.9 and 506.2 respectively similar to control with a P value of 0.6067, 0.8071 and 

0.4160 as determined by unpaired T test (Figure 7.7C). The inhibition of trbl by UAS-trbl-

RNAi1HMS04999, UAS-trbl-RNAi2HMC04159 and UAS-trbl-RNAi3GL01337 under the direction of the GMR-

Gal4 transgene has mean interommatidial bristle count of 520.9, 518.8 and 520.2 respectively, 

higher compared to control with a P-value of 0.0127, 0.0422 and 0.0622 as determined by 

unpaired t-test (Figure 7.7C). 

The control GMR-Gal4; UAS-lacZ critical class males were determined to have an ommatidial area 

of 200μm2 (n=15). The overexpression of trbl by UAS-trbl-1.M under the direction of the GMR-

Gal4 transgene has mean ommatidium area of 202.1μm2 similar to control with a P-value of 
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0.3984. The overexpression of trbl by UAS-trbl-2EP3519 and UAS-trbl-3EP1119 under the direction of 

the GMR-Gal4 transgene has mean ommatidium area of 209.2μm2 and 211.7μm2 respectively, 

higher compare to control with a P-value of 0.0052 and <0.0001 as determined by unpaired T test 

(Figure 7.7D). The inhibition of trbl by UAS-trbl-RNAi1HMS04999, UAS-trbl-RNAi2HMC04159 and UAS-

trbl-RNAi3GL01337 under the direction of the GMR-Gal4 transgene has mean ommatidium area of 

212.1μm2, 209.3μm2 and 210.5μm2 respectively, higher compare to control with a P value of 

0.0002, 0.0154 and 0.0057 as determined by unpaired t-test (Figure 7.7D). 
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Figure 7.7: The phenotypic effects of altered trbl expression in D. melanogaster eye via GMR-Gal4. 
A. The ommatidia number for control is 700±17.8, the overexpression of trbl results in ommatidial 
count similar to control. The ommatidium counts of the trbl-RNAI-expressing flies were higher 
compared to control as determined by unpaired t-test. B. The interommatidial bristle count for 
the control is 498±21; for the overexpression of trbl the interommatidial bristle count is similar to 
control and interommatidial bristle count of inhibition lines are higher in the three RNAi 
transgenes as determined by unpaired t-test. C. The ommatidium area of trbl for the control is 
200±9.1um2. The ommatidium area of the trbl expression transgene GMR-Gal4 UAS-trbl-3 and the 
inhibition RNAi transgenes are significantly higher than control as determined by unpaired t-test. 
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Discussion  
 The mechanism of trbl function as a pseudokinases is still uncertain, and it is thought that 

pseudokinases are involved in the regulation of the activities of protein kinases, through 

subcellular localization (Jacobsen and Murphy, 2017). However, it has been established that trbl 

plays an important role in diverse cellular processes. The level of trbl protein increases during 

starvation and after exercise in mammals; trbl can block Akt activation and reduce tissue growth 

in diabetic mice and human cell culture (Schwarzer et al. 2006; Lima et al. 2009; Fischer et al. 

2017). The expression of trbl increases in DA neurons of the mice and rat PD model and promote 

cell death (Aimé et al. 2015). I found increasing trbl expression under control of the Ddc-Gal4 

transgene results in a decrease in longevity, likely by blocking the Akt protein kinase activation. 

Trbl inhibit Akt and promotes activation of the transcription factor foxo, which often leads to 

growth arrest and cell apoptosis (Saleem and Biswas 2017). The 4-PBA (4-phenyl butyric acid) and 

aFGF (acidic fibroblast growth factor) can alleviate the PD-like symptoms induced by 6-ODHA by 

decreasing the expression of trbl3 gene (Zhong et al. 2019). I found, the overexpression of trbl 

decreased the median lifespan, partly explaining the pro-apoptotic role of the trbl pseudokinase.  

The ommatidia and bristle numbers that arise with the GMR-Gal4-directed overexpression are 

significantly less than the trbl-RNAi-expressing critical class males. Thus, Trbl can regulate the 

function of IRS pathway at different levels and contribute to cellular homeostasis. 

The ER stress seems to increase neuronal cell death with the specific activity of trbl3. The 

expression of trbl3 is significantly higher in PD and AD patients (Aimé et al. 2015; Saleem and 

Biswas 2017). The expression of trbl3 in amyloid-β treated neurons inhibits the activation of Akt, 

leading to the transcription enhancement activity of foxo in the promotion of the transcription of 

the pro-apoptotic Bcl-2 family genes and enhanced trbl3 expression. Trbl3 is required for 
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autophagosome formation in autophagy (Saleem and Biswas 2017). Although, evidence of the 

interaction between trbl and parkin was not available, I found that the overexpression of trbl 

further decreases the median lifespan of parkin-RNAi flies to suggest a cellular dysfunction or an 

increase in cell death. The co-inhibition of parkin and trbl under the control of the Ddc-Gal4 

transgene result in flies that live longer than controls. Thus, I anticipate the toxic phenotypic 

effects produced by the expression of parkin-RNAi can be rescued by the inhibition of trbl. The 

molecular dynamics of trbl and parkin interaction is not clear but are likely the antagonist of each-

other. 

Overexpression of trbl activates Bax (pro-apoptotic Bcl-2 family protein), induces loss of 

mitochondrial membrane potential and initiates caspase-dependent apoptosis (Lin et al. 2007). 

The overexpression and inhibition of trbl under the control of Ddc-Gal4 in combination with Drp1-

RNAi seem to have decreased longevity or have no effect. The co-inhibition of trbl and Drp1 may 

increase the cellular stress to promote cell death. The increased expression of trbl ameliorated the 

α-synuclein induced PD phenotypes in flies and increased the median lifespan and climbing 

abilities. Increased expression of trbl seems to deal with the cellular stress caused by α-synuclein–

containing protein aggregates when other pathways function normally.  
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 Genotype Median 

lifespan 
Lifespan increased/ 
Decreases 

Climbing 
Increased/ 
Decreased 

Control Ddc-Gal44.3D; UAS-lac Z 68 days   
Experi
ment 

Ddc-Gal44.3D; UAS-trbl.M 66 days Similar to control Decreased  

 Ddc-Gal44.3D; UAS- trblEP3519 64 days  Similar to control Decreased 
 Ddc-Gal44.3D; UAS- trblEP1119 54 days  Decreased Decreased 
 Ddc-Gal44.3D;UAS-trbl-

RNAiHMS04999 
78 days  Increased Decreased 

 Ddc-Gal44.3D; UAS-trbl-
RNAiHMC04159 

70 days  Increased Decreased 

 Ddc-Gal44.3D; UAS-trbl-
RNAiGL01337 

70 days Increased Similar to control 

Control Ddc-Gal44.3D; UAS-park-RNAi; 
UAS-lacZ 

64 days   

Experi
ment 

Ddc-Gal44.3D; UAS-park-RNAi; 
UAS-trbl.M 

66 days  Similar to control Decreased 

 Ddc-Gal44.3D; UAS-park-RNAi; 
UAS- trblEP3519 

54 days Decreased Decreased 

 Ddc-Gal44.3D; UAS-park-RNAi; 
UAS- trblEP1119 

64 days Similar to control Decreased 

 Ddc-Gal44.3D; UAS-park-RNAi; 
UAS-trbl-RNAiHMS04999 

76 days Increased Increased 

 Ddc-Gal44.3D; UAS-park-RNAi; 
UAS-trbl-RNAiHMC04159 

70 days Increased Decreased 

 Ddc-Gal44.3D; UAS-park-RNAi; 
UAS-trbl-RNAiGL01337 

70 days Increased Decreased 

Control Ddc-Gal44.3D; UAS-Drp1-RNAi; 
UAS-lacZ 

68 days   

Experi
ment 

Ddc-Gal44.3D; UAS-Drp1-RNAi; 
UAS-trbl.M 

70 days Similar to control Decreased 

 Ddc-Gal44.3D; UAS-Drp1-RNAi; 
UAS- trblEP3519 

56 days Decreased Decreased 

 Ddc-Gal44.3D; UAS-Drp1-RNAi; 
UAS- trblEP1119 

68 days Similar to control Similar to control 

 Ddc-Gal44.3D; UAS-Drp1-RNAi; 
UAS-trbl-RNAiHMS04999 

56 days Decreased Decreased 

 Ddc-Gal44.3D; UAS-Drp1-RNAi; 
UAS-trbl-RNAiHMC04159 

56 days Decreased Decreased 

 Ddc-Gal44.3D; UAS-Drp1-RNAi; 
UAS-trbl-RNAiGL01337 

62 days Decreased Decreased 
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Control Ddc-Gal44.36; UAS-lac Z 92 days    
Experi
ment 

Ddc-Gal44.36; UAS-trbl.M 84 days Decreased Decreased 

 Ddc-Gal44.36; UAS- trblEP3519 80 days Decreased Decreased 
 Ddc-Gal44.36; UAS- trblEP1119 76 days Decreased Decreased 
 Ddc-Gal44.36; UAS-trbl-

RNAiHMS04999 
102 day Increased Decreased 

 Ddc-Gal44.36; UAS-trbl-
RNAiHMC04159 

90 days Similar to control Decreased 

 Ddc-Gal44.36; UAS-trbl-
RNAiGL01337 

92 days Similar to control Decreased 

Control Ddc-Gal44.36; UAS-α-syn; UAS-
lacZ 

78 days   

Experi
ment 

Ddc-Gal44.36; UAS- α-syn; UAS-
trbl.M 

98 days Increased Increased 

 Ddc-Gal44.36; UAS-α-syn; UAS- 
trblEP3519 

104 day Increased  Increased 

 Ddc-Gal44.36; UAS-α-syn; UAS- 
trblEP1119 

102 day Increased  Increased 

 Ddc-Gal44.36; UAS-α-syn; UAS-
trbl-RNAiHMS04999 

80 days Similar to control Similar to control 

 Ddc-Gal44.36; UAS-α-syn; UAS-
trbl-RNAiHMC04159 

78 days Similar to control Increased 

 Ddc-Gal44.36; UAS-α-syn; UAS-
trbl-RNAiGL01337 

80 days Similar to control Similar to control 

 
Table 7.2: Summary of the Results. The effect of the altered expression of trbl directed by Ddc-
Gal44.3D, Ddc-Gal44.3DUAS-parkin-RNAi, Ddc-Gal44.3D UAS-Drp1-RNAi, Ddc-Gal44.36 and Ddc-Gal44.36 
UAS-α-synuclein transgene on median lifespan and climbing ability of the critical class male flies. 
The Cells with blue highlight denote control; Orange highlight denotes the decreased compared 
to control Green highlights denote the increase compared to control, and yellow highlights denote 
the resulting longevity and climbing ability is very similar to control.  
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Conclusion 
Trbl activates during different categories of cellular stresses and alleviates the consequences 

through the promotion of autophagy or apoptosis. The diverse effects of trbl overexpression and 

inhibition in different PD models: trbl inhibition partially rescues the parkin-RNAi PD phenotype, 

trbl inhibition worsen the Drp1-RNAi PD phenotype and trbl overexpression rescues the α-

synuclein induced PD phenotype are due to the multiple pathways and their overall effect in each 

scenario. 
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Chapter 8: Potential interactions of foxo inhibition in Drp1, Rbf, 
Parkin and α-synuclein models of PD 
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Abstract 
The activities of the insulin receptor signalling (IRS) pathway are essential for the proper 

maintenance of cellular homeostasis. The foxo transcription factor, a crucial downstream target 

of IRS, regulates many signalling pathways that are key to cellular health, including mitochondrial 

health. The health of the mitochondrial network is maintained directly by members of the Bcl-2 

family of proteins and other proteins that participate in quality control such as Pink1, parkin and 

Drp1. The directed inhibition of foxo via expression of foxo-RNAi, in combination in α-synuclein or 

parkin-induced models of PD directed by the Ddc-Gal4 transgene, can rescue the PD-like 

phenotypes and increase median lifespans. Further, I exploited our novel models of Drp1 

overexpression, Drp1 inhibition and Rbf inhibition guided by Ddc-Gal4 to study the changes in 

phenotypes due to the foxo-RNAi-induced inhibition. The inhibition of foxo in the Drp1-induced 

PD model effectively rescues the PD-like phenotypes that influence longevity and locomotor 

activities. The phenotypes that mimic PD produced through the inhibition of Drp1 and Rbf were 

not altered through the inhibition of foxo. These results suggest a network of regulatory pathways 

that may be directly or indirectly controlled by the foxo transcription factor. 

 

Introduction 
Parkinson Disease (PD) is among the most common neurodegenerative diseases and is 

characterized, through post-mortem analyses, by the loss of dopaminergic (DA) neurons from the 

SNpc region of the brains of patients. Often, the loss of DA neurons is linked closely to the 

dysfunction of the neuronal mitochondria. The extremely diverse cell signalling pathways and sub-

cellular mechanisms that are responsible for the protection of mitochondria include several 

complex processes such as mitophagy and apoptosis. The transcription factors, encoded by foxo, 
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can act to influence multiple cellular processes that include insulin receptor signalling (IRS), a 

number of stress responses, energy metabolism, autophagy (and the mitochondrial-specific 

subtype, mitophagy), cellular differentiation and programmed cell death (Greer and Brunet 2005). 

When the IRS pathway is activated, this series of events is responsible for the export of the foxo 

transcription factor from the nucleus to cytoplasm, to physically remove the protein from the 

nuclear locations of transcriptional activity (Greer and Brunet 2007). The activity of foxo provides 

stress resistance, during diverse cellular stresses, and enhanced longevity through the 

transcription of responsible genes (Kramer et al. 2003; Martins et al. 2016). However, the 

overexpression of foxo can be toxic and unregulated expression lead to tumourigenesis (Huang 

and Tindall 2007). Interestingly, aggregates of the α-synuclein protein constitute a major 

component of the Lewy Bodies and Lewy Neurites observed in an array of degenerative 

pathological conditions, especially notable in PD (Recasens and Dehay 2014). In human cell 

culture, the foxo3a protein has an important role in cell death induced by α-synuclein (Angelova 

et al. 2018). The protective role of foxo in stress conditions could be reversed through the 

overexpression of foxo and the removal of the source of stress. 

 

The foxo transcription factors can regulate an array of signal transduction pathways. The 

expression of foxo has been found to alter the phosphorylation of the mitochondrial fission protein 

Drp1 in endothelial cells (Shi et al. 2018). The inhibition of Drp1 can rescue damage to the 

mitochondrial network and creation of excessive mitochondrial reactive oxygen species (mtROS) 

production (Shi et al. 2018). The foxo transcription factors can regulate some aspects of 

mitochondrial dynamics by activation of the ROCK1 (rho-associated, coiled-coil-containing protein 
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kinase 1) transcription factor (Shi et al. 2018). In addition, foxo can activate the transcription of 

Pink1 to regulate the Pink1/parkin-dependent process of mitophagy (Mei et al. 2009; Li et al. 2017; 

Bartolomé et al. 2017). In turn, the Pink1 protein recruits the parkin E3 ubiquitin ligase to the 

cytoplasm face of the mitochondrial membrane to prepare for ubiquitination (Thomas et al. 2014). 

The role of the parkin E3 ubiquitin ligase is not limited to mitophagy, and parkin functions in other 

cellular protective pathways, in addition to mitophagy. In mammalian cell culture, the foxo 

proteins can activate the transcription of pro-apoptotic Bcl-2 family members such as Bim, and 

bnip3 and, indirectly, suppress the expression of pro-survival Bcl-XL (Fu and Tindall 2008). 

However, a direct foxo-mediated activation of the Bcl-2 family genes have not been characterized 

in drosophila, as of yet. Further experimentation is desirable to pursue a more complete 

understanding of the mechanisms by which foxo may regulate the drosophila Bcl-2 family of 

proteins. Nevertheless, with the current state of knowledge, foxo may be critical in the regulation 

of mitochondrial dynamics, mitophagy and apoptosis. 

Alterations to the IRS can play key roles in development and in disease. The essential 

function of foxo in the IRS pathway has been established through genetic and biochemical 

evidence (Puig and Tjian 2005). Rbf has been reported to target genes of multiple pathways 

including members of the IRS pathway (Acharya et al. 2012). In part, the transcription regulator 

Rbf, the fly version of the human pRb protein, is responsible for the G1/S transition and acts in the 

regulation of various cellular processes that include DNA replication, DNA repair, cell cycle, 

transcription, oncogenesis, tumour suppression and apoptosis (Chakraborty et al., 2007; Classon 

and Harlow, 2002). Rbf is a component of the DREAM complex (dimerization partner, RB-like, E2F 

and multi-vulval class B), a multi-protein complex, that can act as transcription activator or 
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repressor dependent upon the cellular environment (Ariss et al., 2018). Determination of the 

extent of the influence of Rbf and foxo upon the cellular signal transduction pathways that support 

cellular homeostasis promises to be very informative. 

In my experiments, I exploited the UAS-Gal4 system to direct the expression and inhibition 

of the foxo gene in selected neuronal tissues directed by the Ddc-Gal44.3D and Ddc-Gal44.36 

transgenes. Notably, the overexpression of foxo is lethal when expressed in these tissues when 

using the Ddc-Gal4 transgenes. Along with UAS-foxo-RNAi, I combined each of the UAS-Drp1, UAS-

Drp1-RNAi, UAS-Rbf-RNAi, UAS-parkin-RNAi and UAS-α-synuclein transgenes to study the 

influence of the loss of foxo function upon median lifespan and climbing ability over time in a 

number of PD models. The inhibition of foxo suppressed or rescued the phenotypes generated 

through 1) the inhibition of parkin; 2) the ectopic expression of human α-synuclein; and 3) the 

overexpression of Drp1 under the control of the Ddc-Gal4 transgene.  

 

Material and Methods 

Drosophila Stocks and media 

Drosophila stocks and culture media: The UAS-lacZ4-1-2; UAS-Drp1 (y[1] w[*]; P{w[+mC]=FLAG-

FlAsH-HA-Drp1}3, Ki[1]), UAS-Drp1-RNAi1JF02762 (y[1] v[1]; P{y[+t7.7]v[+t1.8]=TRiP.JF02762}attP2}); 

the UAS-Rbf RNAi1HMS03004 (y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8]=TRiP.HMS03004}attP2/TM3, 

Sb[1]); Ddc-Gal44.3D(w[1118]; P{w[+mC]=Ddc-GAL4.L}4.3D) and Ddc-Gal44.36(w[1118]; 

P{w[+mC]=Ddc=Gal4.L}Lmpt[4.36]) stocks were obtained from the Bloomington Drosophila Stock 

Center at Indiana University, Bloomington, Indiana, USA. The UAS-parkin-RNAi line was obtained 

from Dr. B. Lu (Yang et al. 2003, 2006). The UAS-α-synuclein was generously provided by Dr. M. 
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Feany of Harvard Medical School (Feany and Bender 2000). The Ddc-Gal4 UAS-Drp1, Ddc-Gal4 

UAS-Drp1-RNAi, Ddc-Gal4 UAS-Rbf RNAi, Ddc-Gal4 UAS-parkin-RNAi, and Ddc-Gal4 UAS-α-

synuclein lines were produced through standard methods (M’Angale and Staveley, 2016). All flies 

were maintained on standard cornmeal/molasses/yeast/agar media treated with propionic acid 

and methylparaben to resist fungal growth. Stocks were kept at room temperature (22° ± 3° C), 

whereas crosses and experiments were maintained at 25°C. 

 

Survival assay 
Female virgins of the Ddc-Gal4 UAS-Drp1; Ddc-Gal4 UAS-Drp1-RNAi; Ddc-Gal4 UAS-α-synuclein; 

Ddc-Gal4 UAS-Rbf-RNAi1, Ddc-Gal4 UAS-parkin-RNAi, genotype was collected every 8 to 12 hours 

for several days. The confirmed virgin flies were then crossed with UAS-lacZ and UAS-foxo-RNAi 

males. Critical class male progeny was collected from mating’s until approximately 250 flies of 

each genotype were obtained. To avoid over-crowding, the flies were maintained in cohorts of 25 

or less per vial on standard cornmeal/molases/yeast/agar media. Flies were scored every second 

day for viability and were transferred to new food every two to five days. Scoring continued until 

all flies had died (Todd and Staveley 2004, 2012)).  Longevity data were analyzed using GraphPad 

Prism version 8 statistical software (graphpad.com), and survival curves were compared by 

Mantel-Cox test. Significance were determined at 95% confidence level (P ≤ 0.05). 

 

Locomotor analysis 
The 70 critical class male flies were collected within a 24-hour period and maintained as cohorts 

of 10 flies in each vial. The food was replenished twice every week. The climbing assay was 

performed according to a standard protocol (Todd and Staveley 2004, 2012). Every week 50 males 
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were assayed, in groups of 10, for their ability to climb a glass tube divided into 5 levels of 2 cm 

each. The climbing index was calculated for each week using GraphPad prism version 8 statistical 

software. The climbing curve was fitted using non-linear regression and determined at a 95% 

confidence interval (P ≤ 0.05). 

 

Results and Discussion 
 
Inhibition of the expression of foxo via Ddc-Gal44.3D and Ddc-Gal44.36 transgenes  
In these experiments, the control Ddc-Gal44.3D; UAS-lacZ critical class males were determined to 

have a median lifespan of 68 days (n=340). The directed inhibition of foxo in the Ddc-Gal44.3D 

transgene results in lifespan similar to control. The expression of foxo-RNAi resulted in a median 

lifespan of 72 days (n=266), similar to the control (Figure 8.1A) as determined by log-rank (Mantel-

Cox) test at a P-value at 0.3067. The non-linear fit of the climbing curves demonstrates the 

expression of foxo-RNAi have compromised the climbing ability phenotype compared to the 

control at 95% CI (P-value 0.0003) (Figure 8.1B) (n=50).  

In these experiments, the control Ddc-Gal44.36; UAS-lacZ critical class males were determined to 

have a median lifespan of 92 days (n=361). The expression of foxo-RNAi under Ddc-Gal44.36 control 

resulted in median lifespans of 96 days (n=359), similar to the control (Figure 8.1C) as determined 

by log-rank (Mantel-Cox) test at a P-value at 0.0917. The non-linear fit of the climbing curve shows 

foxo-RNAi expression has increased the compromise in climbing ability compared to control at 

95% CI (P-value 0.0157) (Figure 8.1D) (n=50). 
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Figure 8.1: RNA interference of foxo directed by the Ddc-Gal44.3D and Ddc-Gal44.36 transgenes 
affects longevity and motor function. The expression of foxo-RNAi transgene in the Ddc-Gal4-
expressing neurons results in lifespan and locomotor function similar to control. A. The inhibition 
of foxo in the Ddc-Gal44.3D-expressing neurons results in similar lifespan of 72 days compared to 
68 days of control flies expressing the lacZ transgene. The genotypes are Ddc-Gal4/UAS-lacZ and 
Ddc-Gal4/UAS-foxo-RNAi. Longevity is shown as percent survival (P < 0.05, determined by the Log-
rank (Mantel–Cox) test and N > 250). B. The inhibition of foxo in the Ddc-Gal44.36 expressing 
neurons results in similar lifespan of 96 days when compared to 92 days of control flies expressing 
the lacZ transgene. The genotypes are Ddc-Gal4/UAS-lacZ and Ddc-Gal4/UAS-foxo-RNAi. Longevity 
is shown as percent survival (P < 0.05, determined by the Log-rank (Mantel–Cox) test and N > 250). 
C and D. The inhibition of foxo in these neurons resulted in further decrease in climbing ability as 
determined by nonlinear fitting of the climbing curves and comparing the 95% CI. The genotypes 
are Ddc-Gal4/UAS-lacZ and Ddc-Gal4/UAS-foxo-RNAi. Error bars indicate standard error of the 
mean and N = 50.   

. 

 

A. B. 

C. D. 
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Inhibition of the expression of foxo along with Drp1 overexpression via Ddc-Gal44.3D transgene  
The control Ddc-Gal4; UAS-Drp1; UAS-lacZ critical class males were determined to have a median 

lifespan of 58 days (n=254). In comparison, the directed inhibition of foxo in the Ddc-Gal4; UAS-

Drp1; UAS-foxo critical class individuals results in a median lifespan of 70 days (n=324), with a P-

value of <0.0001 when compared to the control as determined by the log-rank (Mantel-Cox) test 

(Figure 8.2A). The non-linear fit of the climbing curve shows foxo inhibition has rescued the 

climbing ability defect compared to control at 95% CI (P-value <0.0001) (Figure 8.2B).  
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Figure 8.2: RNA interference of foxo along with the expression of Drp1 directed by Ddc-Gal44.3D. 
The expression of foxo-RNAi by the Ddc-Gal4 expressing neurons coupled with UAS-Drp1 results 
in an enhanced lifespan and locomotor function compared to the control. A. The inhibition of foxo 
in the Ddc-Gal4 UAS-Drp1-expressing neurons results in lifespan of 70 days compared to 58 days 
of control flies expressing the lacZ transgene. The genotypes are Ddc-Gal4/UAS-Drp1/UAS-lacZ 
and Ddc-Gal4/UAS-Drp1/UAS-foxo-RNAi. Longevity is shown as percent survival (P < 0.05, 
determined by the Log-rank (Mantel–Cox) test and N > 300). B The inhibition of foxo in these 
neurons resulted in slight improvement in climbing ability as determined by nonlinear fitting of 
the climbing curves and comparing the 95% CI. The genotypes are Ddc-Gal4/UAS-Drp1/UAS-lacZ 
and Ddc-Gal4/UAS-Drp1/UAS-foxo-RNAi. Error bars indicate standard error of the mean and N = 
50.  
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Inhibition of foxo expression along with UAS-Drp1-RNAi via Ddc-Gal44.3D 
The control Ddc-Gal4; UAS-Drp1-RNAi; UAS-lacZ critical class males were determined to have a 

median lifespan of 70 days (n=323). The directed inhibition of foxo in the Ddc-Gal4; UAS-Drp1-

RNAi; UAS-lacZ transgene results in median lifespan of 67 days slightly decreased compared to the 

control (Figure 8.3A) with a P-value of <0.0001 as determined by log-rank (Mantel-Cox) test at a 

P-value <0.0001. The non-linear fitting of the climbing curve shows foxo inhibition does not affect 

the climbing ability defect compared to control at 95% CI (P-value 0.3827) (Figure 8.3B).  
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Figure 8.3: RNA interference of both foxo and Drp1 expression directed by Ddc-Gal44.3D. The 
expression of foxo-RNAi along with Drp1-RNAi in the Ddc-Gal44.3D expressing neurons results in a 
slightly decreased lifespan compared to the control. A. The inhibition of foxo and Drp1 by Ddc-
Gal4 -expressing neurons results in a lifespan of 67 days compared to 70 days of control flies 
expression of the lacZ transgene. The genotypes are Ddc-Gal4/UAS-Drp1-RNAi/UAS-lacZ and Ddc-
Gal4/UAS-Drp1-RNAi/UAS-foxo-RNAi. Longevity is shown as percent survival (P < 0.05, determined 
by the Log-rank (Mantel–Cox) test and N > 300). B The inhibition of foxo in these neurons does not 
diminish the climbing defect significantly as determined by non-linear fitting of the climbing curves 
and comparing the 95% CI. The genotypes are Ddc-Gal4/UAS-Drp1-RNAi/UAS-lacZ and Ddc-
Gal4/UAS-Drp1-RNAi/UAS-foxo-RNAi. Error bars indicate standard error of the mean and N = 50.   
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Inhibition the expression of foxo and Rbf via Ddc-Gal44.3D  
The control Ddc-Gal4; UAS-Rbf-RNAi; UAS-lacZ critical class males were determined to have a 

median lifespan of 58 days (n=351). The directed inhibition of foxo in the Ddc-Gal4; UAS-Rbf-RNAi 

results in median lifespan of 62 days (n=314) compared to control (Figure 8.4A) with a P-value of 

<0.0001 as determined by log-rank (Mantel-Cox) test. The non-linear fitting of the climbing curve 

shows foxo inhibition does not affect the climbing ability defect compared to control at 95% CI (P-

value 0.3389) (Figure 8.4B). 
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Figure 8.4: RNA interference of foxo along with the expression of Rbf directed by Ddc-Gal44.3D. The 
expression of foxo-RNAi lines in the Ddc-Gal4 UAS-Rbf expressing neurons results in increase 
lifespan compare to control. A. The inhibition of foxo in the Ddc-Gal4 UAS-Rbf-expressing neurons 
results in lifespan of 62 days compared to 58 days of control flies with expression of the lacZ 
transgene. The genotypes are Ddc-Gal4/UAS-Rbf/UAS-lacZ and Ddc-Gal4/UAS-Rbf/UAS-foxo-RNAi. 
Longevity is shown as percent survival (P < 0.05, determined by the Log-rank (Mantel–Cox) test 
and N > 300). B The inhibition of foxo in these neurons resulted in no significant difference in 
climbing ability as determined by nonlinear fitting of the climbing curves and comparing the 95% 
CI. The genotypes are Ddc-Gal4/UAS-Rbf/UAS-lacZ and Ddc-Gal4/UAS-Rbf/UAS-foxo-RNAi. Error 
bars indicate standard error of the mean and N = 50.   
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Inhibition the expression of foxo along with UAS-parkin-RNAi via Ddc-Gal44.3D  
The control Ddc-Gal4; UAS-parkin-RNAi; UAS-lacZ critical class males were determined to have a 

median lifespan of 62 days (n=275). The directed inhibition of foxo in the Ddc-Gal4; UAS-parkin-

RNAi; transgene results in median lifespan of 68 days (n=384) compared to control (Figure 8.5A) 

with a P-value of <0.0001 as determined by log-rank (Mantel-Cox) test (Figure 5A) The non-linear 

fitting of the climbing curve shows foxo inhibition has ameliorated the climbing ability defect 

compared to control at 95% CI (P-value of 0.0135) (Figure 8.5B). 
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Figure 8.5: RNA interference of both foxo and parkin expression directed by Ddc-Gal44.3D. The 
expression of foxo-RNAi lines in the Ddc-Gal4 UAS-parkin-RNAi expressing neurons results in 
increase lifespan compare to control. A. The inhibition of foxo in the Ddc-Gal4 UAS-parkin-RNAi-
expressing neurons results in lifespan of 68 days compared to 62 days of control flies expressing 
the lacZ transgene. The genotypes are Ddc-Gal4/UAS-parkin-RNAi/UAS-lacZ and Ddc-Gal4/UAS-
parkin-RNAi/UAS-foxo-RNAi. Longevity is shown as percent survival (P < 0.05, determined by the 
Log-rank (Mantel–Cox) test and N > 300). B The inhibition of foxo in these neurons resulted in no 
significant difference in climbing ability as determined by nonlinear fitting of the climbing curves 
and comparing the 95% CI. The genotypes are Ddc-Gal4/UAS-parkin-RNAi/UAS-lacZ and Ddc-
Gal4/UAS-parkin-RNAi/UAS-foxo-RNAi. Error bars indicate standard error of the mean and N = 50 
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Inhibition of the expression of foxo along with α-synuclein expression via Ddc-Gal44.36 transgene  
The control Ddc-Gal4; UAS-α-synuclein; UAS-lacZ critical class males were determined to have a 

median lifespan of 78 days (n=257). The directed inhibition of foxo in the Ddc-Gal4; UAS-α-synu; 

UAS-lacZ transgene results in median lifespan of 112 days (n=405) much higher compared to 

control with a P-value of <0.0001 as determined by log-rank (Mantel-Cox) test (Figure 8.6A). The 

non-linear fitting of the climbing curve shows foxo inhibition rescued the climbing ability defect 

compared to control at 95% CI (P-value <0.0001) (Figure 8.6B) 
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Figure 8.6: RNA interference of foxo along with the expression of α-synuclein directed by Ddc-
Gal44.3D. The expression of foxo-RNAi lines in the Ddc-Gal4 UAS-α-synuclein expressing neurons 
results in increase lifespan compare to control. A. The inhibition of foxo in the Ddc-Gal4 UAS-α-
synuclein-expressing neurons results in lifespan of 112 days compared to 78 days of control flies 
expressing the lacZ transgene. The genotypes are Ddc-Gal4/UAS-α-syn/UAS-lacZ and Ddc-
Gal4/UAS-α-syn/UAS-foxo-RNAi. Longevity is shown as percent survival (P < 0.05, determined by 
the Log-rank (Mantel–Cox) test and N > 300). B. The inhibition of foxo in these neurons resulted 
in significant improvement in climbing ability as determined by nonlinear fitting of the climbing 
curves and comparing the 95% CI. The genotypes are Ddc-Gal4/UAS-α-syn/UAS-lacZ and Ddc-
Gal4/UAS-α-syn/UAS-foxo-RNAi. Error bars indicate standard error of the mean and N = 50. 
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Discussion 
Acute stress can cause foxo to activate the transcription of pro-apoptotic genes (Fu and 

Tindall 2008). My results indicate that loss of foxo in the Ddc-Gal4-expressing neurons do not alter 

median lifespan. The overexpression of foxo by the Ddc-Gal4 transgene was found to be lethal. 

Notably, the Foxo transcription factor plays a central role in neuroprotection and protects against 

axonal tract degeneration in mammalian models (Hwang et al. 2018). The overexpression of Foxo 

is not always toxic and it is a bona-fide tumour suppressor and helps in alleviating different cellular 

stresses. The IRS is dependent on foxo, Rbf and other transcription factors (Wei et al. 2016). The 

co-inhibition of foxo and Rbf by RNAi transgenes directed by Ddc-Gal4 can result in an increase to 

median lifespan and little effect upon the compromised climbing ability. The molecular mechanism 

behind the pro-cell survival affects is anticipated to be increase in homeostasis. 

The suppression of foxo along with the overexpression of Drp1 directed by the Ddc-Gal4 

transgene can rescue the median lifespan and climbing ability defects caused by Drp1 

overexpression. Studies have shown that foxo can activate Drp1 by mediating its phosphorylation 

at S616 in mice (Shi et al. 2018), which can explain the inhibition of foxo rescued the Drp1 

overexpression phenotype and likely the pathway is conserved between flies and mammals. The 

co-suppression of foxo and Drp1 decreases the median lifespan of Drp1-RNAi lines. The inhibition 

of foxo likely further increases the mitochondrial network connectivity and lose the survival 

advantage over Drp1-RNAi alone. One of the main functions of foxo is the stress response and 

hyper-elongated mitochondrial network increase cellular stress (Das and Chakrabarti 2020). The 

hyper-elongated mitochondria inhibit mitophagy and prolonged fusion can cause apoptosis (Das 

and Chakrabarti 2020). The inhibition of foxo and Drp1 disturb the hemostasis balance and 

adversely affect the flies health-span. 
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Foxo is known to induced apoptosis in DA neurons under oxidative stress. In mammals 

foxo1 promotes mitophagy via Pink1/parkin pathway (Li et al. 2017). In flies, foxo overexpression 

has prevented the parkin mutant dependent DA neuronal loss (Tain et al. 2009). Surprisingly the 

inhibition of foxo seems to increase the homeostasis and rescue the parkin-dependent model of 

PD assumed by increased health span of the flies. This reiterates the diverse role of foxo, that it 

can protect DA neurons when stress is low and initiate apoptosis during high oxidative stress 

(Webb and Brunet 2014).  The suppression of foxo also rescue the α-synuclein induced PD 

phenotype of compromised longevity and climbing defect in flies. Previous finding shows 

dominant negative foxo has protective effect against acute oxidative stress caused by α-synuclein 

in mammalian cell culture by increasing the number of autophagosomes (Pino et al. 2014). 

Presumably, the effect of foxo inhibition is similar in flies and mammals. Future study needs to 

investigate the importance of expression level of mitochondrial protection proteins (Pink1, parkin, 

Drp1) and their direct and indirect relationship with foxo transcription factor. 
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Genotype Median 
lifespan 

Lifespan 
Increased/ 
Decreased 

Climbing 
Increase/ 
Decrease 

Control Ddc-Gal4.3D; UAS-lac Z 68 days    
Experiment Ddc-Gal4.3D;  

UAS-foxo-RNAi 
72 days  Similar to 

control 
Decreased 

Control Ddc-Gal4.36; UAS-lac Z 92 days    
Experiment Ddc-Gal4.36; 

 UAS-foxo-RNAi 
96 days  Similar to 

control 
Decreased 

Control Ddc-Gal4.3D; UAS-Drp1; 
 UAS-lac Z 

50 days    

Experiment Ddc-Gal4.3D; UAS-Drp1;  
UAS-foxo-RNAi 

70 days  Increased  Increased  

Control Ddc-Gal4.3D; UAS-Drp1-RNAi;  
UAS-lac Z 

70 days    

Experiment Ddc-Gal4.3D; UAS-Drp1-RNAi;  
UAS-foxo-RNAi 

67 days  Decreased Similar to 
control  

Control Ddc-Gal4.3D; UAS-Rbf-RNAi;  
UAS-lac Z 

58 days    

Experiment Ddc-Gal4.3D; UAS-Rbf-RNAi;  

UAS-foxo-RNAi 
62 days  Increased  Similar to 

control  
Control Ddc-Gal4.3D; UAS-park-RNAi;  

UAS-lac Z 
62 days    

Experiment Ddc-Gal4.3D; UAS-park-RNAi;  
UAS-foxo-RNAi 

68 days  Increased  Increased  
 

Control Ddc-Gal4.36; UAS-α-syn;  
UAS-lac Z 

78 days    

Experiment Ddc-Gal4.36; UAS-α-syn; 
 UAS-foxo-RNAi 

112 days  Increased Increased 

 
Table 8. 1: Summary of the Results. The effect of the directed inhibition of UAS-foxo-RNAi in the 
Ddc-Gal44.3D, Ddc-Gal44.36, Ddc-Gal44.3DUAS-Drp1, Ddc-Gal44.3D UAS-Drp1-RNAi, Ddc-Gal44.3D UAS-
Rbf-RNAi, Ddc-Gal4.3D; UAS-parkin-RNAi and Ddc-Gal44.36 UAS-α-synuclein transgene on the median 
lifespan and climbing ability of the critical class male flies. The Cells with blue highlight denote 
control; Orange highlight denotes the decreased compared to control and Green highlights denote 
the increase compare to control.  
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Conclusion 
The foxo transcription factor respond differently to various molecular cues. The overexpression of 

Drp1-induced PD phenotypes is rescued by the inhibition of foxo. The inhibition of foxo rescued 

the parkin-induced PD-phenotypes strongly associated with a compromised level of mitochondrial 

health due to reduced mitophagy. The flies that express α-synto induce PD-like phenotype via Ddc-

Gal4 was rescued by inhibition of the expression of foxo. We anticipate foxo inhibition may 

increase the number of autophagosomes and alleviate the α-synuclein-induced stress. The 

suppression of foxo can ameliorate the Rbf-induced longevity phenotype but does not affect 

climbing defect. These results demonstrate the multi-faceted mechanisms involved in the 

regulation by foxo through downstream targets and the potential to lead to aspects of the 

aetiology of PD. 
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Chapter 9: Altered expression of Drp1, Buffy, Debcl, Rbf, Pink1, 
parkin and trbl in the developing Drosophila eye alters the 
characteristic foxo phenotype 
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Abstract 
The insulin receptor signalling pathway maintains cellular homeostasis. The transcription factor, 

foxo, is a crucial downstream target of IRS and regulates numerous cellular pathways to sustain 

cellular health. The health of mitochondria is essential for maintaining cellular health and 

homeostasis. Pink1, parkin, Drp1 and members of the Bcl-2 family of proteins are the direct 

regulators of mitochondrial health and other proteins such as Rbf and trbl have an indirect role. 

The transcription factor foxo indirectly regulates mitochondrial dynamics and cellular 

homeostasis. The expression of foxo directed by the GMR-Gal4 transgene during the development 

of the Drosophila eye produces a robust phenotype characterized by reduced numbers of 

ommatidia and inter-ommatidial bristles to provide a biological system to study genetic 

interactions. The directed inhibition of Pink1 or Rbf1 ameliorates the foxo-induced eye phenotype 

in Drosophila. Alteration of the expression of both anti-apoptotic and pro-apoptotic Bcl-2 protein 

genes has either no effect or makes the characteristic phenotype more severe. Modification of 

the expression of the pseudo-kinase gene trbl has mixed effects on the foxo eye phenotype. These 

results implies that the developmental eye defect of foxo transcription factor can be modified by 

different downstream regulators like Pink1 and Rbf. 

Introduction 

Parkinson disease (PD) is a progressive motor disorder characterized by the loss of dopaminergic 

(DA) neurons in the SNPc of the brain. The cell death of DA neurons seems to be the consequence 

of the dysfunction of cell signalling pathways, primarily those that produce dysfunctional 

mitochondria and eventually cause intrinsic apoptosis. The transcription factor foxo influences 

stress responses and regulates multiple cellular processes such as insulin receptor signalling (IRS), 



 
 

241 

energy metabolism, autophagy (and the subtype, mitophagy), cellular differentiation and cell 

death (Greer and Brunet 2005). The IRS pathway acts to sequester and incapacitate the foxo 

transcription factor by translocating it from the nucleus to the cytoplasm (Greer and Brunet 2007). 

During different cellular stresses, foxo is responsible for the transcription of a specific set of genes 

to provide resistance to stress (Kramer et al. 2003). The overexpression of foxo can be toxic and 

upregulation can lead to tumourigenesis (Huang and Tindall 2007). The directed expression of foxo 

in developing eye of drosophila generates a phenotype that is characterized by a reduced number 

of ommatidia and complete or nearly complete loss of interommatidial bristles (Kramer et al. 2003; 

Todd and Staveley 2013). The overall effect of foxo on the outcome of organismal survival can vary 

from cell survival to cell death, depending on the cellular requirement and molecular cues. 

The foxo transcription factors influence an array of signal transduction pathways. The expression 

of  foxo can lead to the phosphorylation and activation of the mitochondrial fission protein Drp1 

in endothelial cells (Shi et al. 2018). The activity of foxo can regulate mitochondrial dynamics 

through the activation of the ROCK1 (rho-associated, coiled-coil-containing protein kinase 1) 

transcription factor (Shi et al. 2018). Foxo can regulate the process of Pink1/parkin-mediated 

mitophagy through the control of the expression of Pink1 (Mei et al. 2009; Li et al. 2017; Bartolomé 

et al. 2017). The Pink1 protein can act to recruit the parkin E3 ubiquitin ligase to the surface of the 

mitochondrial membrane to induce the ubiquitination of mitochondrial proteins (Thomas et al. 

2014). Not limited to mitophagy, Parkin can function in other cell protective pathways (Panicker 

et al. 2017). In mammalian cell culture, the foxo protein can activate the transcription of pro-

apoptotic Bcl-2 family genes, such as Bim and Binp3, and can indirectly suppress the expression of 

pro-survival such as Bcl-xL (Fu and Tindall 2008). However, direct foxo mediated activation of Bcl-
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2 family protein is not established in drosophila. More experiments are required to understand 

the mechanisms of Bcl-2 protein regulation in drosophila. The pseudo-kinase-encoding gene 

tribbles (trbl) has shown to decrease phosphorylation of the foxo protein (Das et al. 2014). 

Although not active as a kinase, the protein product of trbl functions as an adaptor molecule in 

important signalling pathways that include those that lead to the deactivation of both the foxo 

and Akt proteins (Yokoyama and Nakamura 2011). Overall, this evidence supports the hypothesis 

that foxo may be the central regulator of pathways that control the cellular decision between cell 

survival and cell death. 

The transcription factor Rbf is the fly version of the human pRb protein and plays essential 

role in G1/S transition and the regulation of various cellular processes that include DNA replication, 

DNA repair, cell cycle, transcription, oncogenesis, tumour suppression and apoptosis (Classon and 

Harlow 2002; Chakraborty et al. 2007). Rbf is a component of the DREAM complex (dimerization 

partner, RB-like, E2F and multi-vulval class B), a multiprotein complex, that can act as a 

transcription activator or repressor depending upon the cellular environment (Ariss et al. 2018). 

The Rbf is reported to target IRS pathway genes in drosophila (Acharya et al. 2012) and the foxo 

protein is regulated by IRS pathway (Puig and Tjian 2005). Determination of the extent of Rbf and 

foxo upon cellular pathways in cellular homeostasis will be very informative. 

Experimentally, the role of foxo overexpression in the developing eye phenotype can be 

quite informative. However, little is known about the activities that can to alleviate the “foxo” 

phenotype. Here I propose that the phenotype primarily results from the initiation of excessive 

apoptosis due to the elevated level of the foxo and can be rescued by the specific regulation of 

this process. The role of dysfunction mitochondrial, IRS, and other regulatory protein-encoding 
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genes suggests that they might be candidates to rescue the foxo eye phenotype. I employed 

Drosophila melanogaster as a model organism to study the phenotypic effects of the interactions 

of the foxo with the mitochondrial protection genes, which can alter apoptosis. In my experiments, 

I exploited the UAS-Gal4 system to direct the expression and inhibition of the foxo gene in 

developing eye using GMR-Gal4. The overexpression of foxo has led to disrupted eye phenotype. 

I altered the expression of Drp1, Buffy, Debcl, Rbf, Pink1, parkin and trbl in GMR-Gal4 UAS-foxo 

transgene to observe effects upon the foxo eye phenotype.The inhibition of Pink1 can rescue the 

foxo phenotype in support of previous observations (Todd and Staveley 2013), the phenotypic 

effects can be lessened by inhibiting the transcription regulator gene, Rbf  or pseudo-kinase, trbl. 

In addition, I found the phenotype is made more severe by the directed overexpression of either 

Buffy or Drp1. Pink1 and Rbf alleviate the phenotype, but Buffy and Drp1 don't. 

Material and Methods 

Drosophila Stocks and media 

Drosophila stocks and culture media: The GMR-Gal412; UAS-lacZ4-1-2; UAS-Drp1 (y[1] w[*]; 

P{w[+mC]=FLAG-FlAsH-HA-Drp1}3, Ki[1]), UAS-Drp1-RNAi1JF02762 (y[1] v[1]; 

P{y[+t7.7]v[+t1.8]=TRiP.JF02762}attP2}), UAS-Drp1-RNAi2HMC03230 (y[1] v[1]; 

P{y[+t7.7]v[+t1.8]=TRiP.HMC03230}attP40), UAS-Buffy (w[*]; P{w[+mC]=UAS-Buffy.S}E1); UAS-

Buffy-RNAi (w[*], P{w[+mC]=UAS-Buffy.RNAi}3), UAS-DebclEY05743 (y[1] w[67c23], P{y[+mDint2 

w[+mC]=EPgy2}Debcl[EY05743]), the UAS-Rbf (w[*]; P{w[+mC]=UAS-Rbf.D}III), the UAS Rbf 

RNAi1HMS03004 (y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8]=TRiP.HMS03004}attP2/TM3, Sb[1]), the 

UAS Rbf RNAi2GL01293 (y[1] sc[*] v[1] sev[21]; P{y[+t7.7] v[+t1.8]=TRiP.GL01293}attP40), UAS-trbl-1 

or UAS-trbl.M (w[1118];P{w[+mC]=UASp-trbl.M}3), UAS-trbl-2 or UAS-trblEP3519 
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(w[1118];P{w[+mC]=EP}trbl[EP3519]/TM6B, Sb [1]), UAS-trbl-3 or UAS-trblEP1119 

(w[1118];P{w[+mC]=EP}trbl[EP1119]/TM6B, Tb [1]), UAS-trbl-RNAi-1 or UAS-trbl RNAiHMS04999 

(y[1]sc[*]v[1];P{y[+7.7]v[+1.8]=TRiP.HMS04999}attP2), UAS-trbl-RNAi-2 or UAS-trbl RNAiHMC04159 

(y[1]sc[*]v[1];P{y[+7.7]v[+1.8]=TRiP.HMC04159}attP2) and the UAS-trbl-RNAi-3 or UAS-trbl RNAi 

GL01337 (y[1]sc[*]v[1];P{y[+7.7]v[+1.8]=TRiP.GL01337}attP2) stocks were obtained from 

Bloomington Drosophila Stock Center at Indiana University, Bloomington, Indiana, USA. The UAS-

Debcl-RNAiv47515 (w1118; P{GD 1637}v47515) and UAS-foxo-RNAi (P{KK108590}VIE-260B) was 

obtained from Vienna Drosophila Resource Center. The UAS-foxo line is described (Kramer et al., 

2003) and the GMR-Gal4 UAS-foxo, line was produced through standard methods (M’Angale and 

Staveley, 2016). All flies were maintained on standard cornmeal/molasses/yeast/agar media 

treated with propionic acid and methylparaben to resist fungal growth. Stocks were kept at room 

temperature (22° ± 3° C), whereas crosses and experiments were maintained at 25°C. 

 

Biometric analysis of the Drosophila melanogaster eye 
Female virgins of the GMR-Gal4-UAS-foxo genotype were collected every 8 to 12 hours for several 

days. The confirmed virgins were then crossed with the males of UAS-lacZ, UAS-Drp1, UAS-Drp1-

RNAi1JF02762, UAS-Drp1-RNAi2HMC03230, UAS-Buffy, UAS-Buffy-RNAi, UAS-Debcl EY05743, UAS-Debcl-

RNAiv47515, UAS-Rbf, UAS-Rbf RNAi1HMS03004, UAS-Rbf RNAi2 GL01293, UAS-trbl.M-1, UAS-trblEP3519-2, 

UAS-trblEP1119-3, UAS-trbl RNAi-1HMS04999, UAS-trbl RNAi-2HMC04159 and the UAS-trbl RNAi-3 GL01337 

genotypes. Critical class male progeny was collected for each genotype. The collected flies were 

kept as cohorts of 10 flies or less upon fresh media and allowed to age for 3 to 4 days. The flies 

were prepared for scanning electron microscopy following the standard protocol (Githure and 

Staveley 2017). Ommatidia, interommatidial bristle counts and eye disruption area was calculated 
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on 15 or more flies of each genotype using National Institute of Health (NIH) ImageJ software. The 

disrupted eye area was calculated through the determination of the area of eye without 

ommatidium; done on 15 eyes of each genotype (Lipsett and Staveley 2014). The Biometric 

analysis was performed using GraphPad Prism version 8 statistical software. Significance was 

determined at 95% confidence level (P ≤ 0.05). 

 

Results and Discussion 
 
The overexpression and inhibition of foxo during eye development directed by GMR-Gal4 
The inhibition and overexpression of foxo, directed by the GMR- Gal4 transgene in the neuron-

rich developing eye of flies can influence development. The control GMR-Gal4; UAS-lacZ critical 

class males were determined to have an ommatidial count of 703 (n=15). The overexpression of 

foxo directed by the GMR-Gal4 has mean ommatidial count of 335.8, much less compared to 

control with P value <0.0002 as determined by unpaired t-test (Figure 9.1B). The directed 

expression of foxo-RNAi directed by the GMR-Gal4 has mean ommatidial count of 718, higher 

compared to control with P-value <0.0484 as determined by unpaired t-test. The control GMR-

Gal4; UAS-lacZ critical class males were determined to have an interommatidial bristle count of 

536 (n=10). The overexpression of foxo directed by GMR-Gal4 transgene has mean 

interommatidial bristle count of 4.333 (P-value<0.0001), very low compare to control flies as 

determined by an unpaired t-test. The RNAi-dependent inhibition of foxo directed by GMR-Gal4 

transgene has mean interommatidial bristle count of 548.3 (P-value 0.3202), similar to control as 

determined by an unpaired t-test. The disrupted eye area of foxo is 2932um2, compared to the 

lacZ control flies, which does not have detectable regions of disrupted ommatidia and/or bristle 
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as shown in Figure 9.1B (iii) as determined by unpaired t-test with P-values <0.0001. The decrease 

in the interommatidial bristle number is consistent with the reduction of ommatidial numbers 

produced through overexpression of the foxo transgene compared to control. 
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Figure 9.1: The phenotypic effects of altered foxo expression in D. melanogaster eye. A. Scanning 
electron micrograph of the altered foxo expression under the control of GMR-Gal4 transgene. The 
genotypes are (a) GMR-Gal4/UAS-lacZ (Control); (b) GMR-Gal4/UAS-foxo; (c) GMR-Gal4/UAS-foxo-
RNAi. B. The mean ommatidial count for control is 703; the expression of foxo results in 335.8 
ommatidia, decreased compared to control. The mean ommatidial number of foxo-RNAi is 518.8, 
a slight increase compares to control. C. The mean interommatidial bristle count for the control is 
536, and the expression lines have almost no interommatidial bristle. The mean interommatidial 
bristle count of foxo-RNAi line is 548.3 similar to control. D. There is no detectable areas of 
disruption in the eyes of the control and foxo-RNAi but foxo overexpression line has very large 
disrupted eye area without ommatidium.  
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Effects of Drp1 and Drp1-RNAi expression directed by GMR-Gal4 on the foxo eye phenotype  
The control GMR-Gal4; UAS-foxo UAS-lacZ critical class males were determined to have mean 

ommatidial count of 377.9 (n=15). The overexpression of Drp1 along with foxo directed by the 

GMR-Gal4 has mean ommatidial count of 317.8, much less compared to control with P-value 

<0.0031 as determined by unpaired t-test (Figure 9.2B i). The inhibition of Drp1 by Drp1-RNAi’s 

along with foxo directed by the GMR-Gal4 has mean ommatidial count of 416.4 (P-value 0.1300) 

and 375 (P-value=0.8497), similar to control as determined by unpaired t-test (Figure 9.2B i). 

The control GMR-Gal4; UAS-foxo UAS-lacZ critical class males were determined to have mean 

interommatidial bristle count of 4.846 (n=15). The overexpression of Drp1 along with foxo directed 

by the GMR-Gal4 has no interommatidial bristle, much less compared to control with P-value 

<0.0001 as determined by unpaired t-test (Figure 9.2B ii). The inhibition of Drp1 by Drp1-RNAi’s 

along with foxo directed by the GMR-Gal4 has mean interommatidial bristle count of 1.769 (P-

value 0.0219) and 0.3846 (P-value 0.0016), much less compared to control with P-value <0.0001 

as determined by unpaired t-test (Figure 9.2B ii) 

The control GMR-Gal4; UAS-foxo UAS-lacZ critical class males were determined to have 2932 μm2 

(n=15) mean disrupted eye area of. The overexpression of Drp1 along with foxo directed by the 

GMR-Gal4 has 6240 μm2 mean disrupted eye area, much less compared to control with P-value 

<0.0001 as determined by unpaired t-test (Figure 9.2B iii). The inhibition of Drp1 by Drp1-RNAi’s 

along with foxo directed by the GMR-Gal4 has 2293μm2(P-value=0.0145) and 3059μm2(P-

value=0.6575) mean disrupted eye area, decrease compared to control as determined by unpaired 

t-test (Figure 9.2B iii). Out of the two RNAi lines the Drp1-RNAi1 has much increase in ommatidia 

number and decrease in disrupted eye area. The decrease in the interommatidial bristle number 



 
 

249 

and reduction of ommatidial count is consistent with increase in disrupted eye area produced 

through overexpression of Drp1 and foxo compare to control (Figure 9.2B iii).  
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Figure 9.2: The phenotypic effects of altered Drp1 expression on foxo eye phenotype. A. Scanning 
electron micrograph of the altered Drp1 expression under the control of GMR-Gal4/UAS-foxo 
transgene. The genotypes are (a) GMR-Gal4/UAS-lacZ/UAS-foxo (Control); (b) GMR-Gal4/UAS-
foxo/UAS-Drp1; (c) GMR-Gal4/UAS-foxo/UAS-Drp1-RNAi1; (d) GMR-Gal4/UAS-foxo/UAS-Drp1-
RNAi2. B. The mean ommatidia number for control is 377.9; the expression of Drp1 results in 317.8 
ommatidia, decreased compared to control. The mean ommatidial count of Drp1-RNAi lines is 
416.4 and 375 slight increases compare to control. C. The mean interommatidial bristle count for 
the control is 4.846, and the Drp1 expression lines has no interommatidial bristle. The mean 
interommatidial bristle count of Drp1-RNAi line is 1.769 and 0.3846 slight decrease compare to 
control. D. There disrupted eye for the control is 2932μm2, and the Drp1 expression lines results 
in 6240μm2 increased compare to control. The disrupted eye area of Drp1-RNAi line is 2293μm2 
and 3059μm2 compare to control.  
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Effect of altered expression of Buffy and Debcl via GMR-Gal4 on the foxo eye phenotype  
The control GMR-Gal4; UAS-foxo UAS-lacZ critical class males were determined to have mean 

ommatidial count of 354.5 (n=15). The overexpression of Buffy along with foxo directed by the 

GMR-Gal4 has mean ommatidial count of 345.8, similar to control with P-value 0.6716 as 

determined by unpaired t-test (Figure 9.3B i). The inhibition of Buffy along with foxo directed by 

the GMR-Gal4 has mean ommatidial count of 152.1, similar to control with P-value <0.0001 as 

determined by unpaired t-test (Figure 9.3B i). 

The control GMR-Gal4; UAS-foxo UAS-lacZ critical class males were determined to have mean 

interommatidial bristle count of 5.929 (n=15). The overexpression of Buffy along with foxo 

directed by the GMR-Gal4 has no interommatidial bristle, much less compared to control with P-

value <0.0022 as determined by unpaired t-test (Figure 9.3B ii). The inhibition of Buffy along with 

foxo directed by the GMR-Gal4 has mean interommatidial bristle count of 3, similar to control with 

P-value <0.0528 as determined by unpaired t-test (Figure 9.3B ii). 

The control GMR-Gal4; UAS-foxo UAS-lacZ critical class males were determined to have mean 

disrupted eye area of 52942μm2 (n=15). The overexpression of Buffy along with foxo directed by 

the GMR-Gal4 has 16647μm2 disrupted eye area, much less compared to control with P-value 

<0.0001 as determined by unpaired t-test (Figure 9.3B iii). The inhibition of Buffy along with foxo 

directed by the GMR-Gal4 has 4671μm2 disrupted eye area, increased compared to control with 

P-value 0.0019 as determined by unpaired t-test (Figure 9.3B iii). 

The control GMR-Gal4; UAS-foxo UAS-lacZ critical class males were determined to have mean 

ommatidial count of 354.5 (n=15). The overexpression of Debcl along with foxo directed by the 

GMR-Gal4 has mean ommatidial count of 1.938, none compare to control with P-value <0.0001 

as determined by unpaired T-test (Figure 9.3B i). The inhibition of Debcl along with foxo directed 
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by the GMR-Gal4 has mean ommatidial count of 164.9, much less to control with P-value <0.0001 

as determined by unpaired t-test (Figure 9.3B i). 

The control GMR-Gal4; UAS-foxo UAS-lacZ critical class males were determined to have mean 

interommatidial bristle count of 5.929 (n=15). The overexpression of Debcl along with foxo 

directed by the GMR-Gal4 has interommatidial bristle count of 8.143, similar to control with P-

value 0.1480 as determined by unpaired t-test (Figure 9.3B ii). The inhibition of Debcl along with 

foxo directed by the GMR-Gal4 has no interommatidial bristle, less compared to control with P-

value 0.0022 as determined by unpaired t-test (Figure 9.3B ii). 

The control GMR-Gal4; UAS-foxo UAS-lacZ critical class males were determined to have mean 

disrupted eye area of 52942μm2 (n=15). The overexpression of Debcl along with foxo directed by 

the GMR-Gal4 has 33325μm2 disrupted eye area, much higher compared to control with P-value 

<0.0001 as determined by unpaired t-test (Figure 9.3B iii). The inhibition of Debcl along with foxo 

directed by the GMR-Gal4 has 13082μm2 disrupted eye area, increased compared to control with 

P-value <0.0001 as determined by unpaired t-test (Figure 9.3B iii). 
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Figure 9.3: The phenotypic effects of altered bcl-2 expression on foxo eye phenotype. A. Scanning 
electron micrograph of the altered buffy and Debcl expression under the control of GMR-
Gal4/UAS-foxo transgene. The genotypes are (a) GMR-Gal4/UAS-lacZ/UAS-foxo (Control); (b) 
GMR-Gal4/UAS-foxo/UAS-Buffy; (c) GMR-Gal4/UAS-foxo/UAS-Buffy-RNAi; (d) GMR-Gal4/UAS-
foxo/UAS-Debcl; (e) GMR-Gal4/UAS-foxo/UAS-Debcl-RNAi. B. The mean ommatidia number for 
control is 335.8; the expression of Buffy results in 152.1 and Debcl-RNAi results in 164.9 
ommatidia, decreased compared to control. The mean ommatidial count of Buffy-RNAi lines is 
similar compare to control. The overexpression of Debcl has no district ommatidia. C. The 
interommatidial bristle count for the control is 5.929, and the Buffy and Debcl-RNAi expression 
lines have no interommatidial bristle. The interommatidial bristle count of Buffy-RNAi and Debcl 
line is similar to control.  D. There disrupted eye for the control is 2943um2, and the Buffy 
expression lines results in 16647um2 and Debcl-RNAi results in 1308um2, increased compare to 
control. The disrupted eye area of Buffy-RNAi lines is 4671um2 increased compare to control. The 
total eye area of Debcl is disrupted accounting for 33325um2 increased compare to control  
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Effect of overexpression and inhibition on Rbf on foxo eye phenotype via GMR-Gal4 
The control GMR-Gal4; UAS-foxo UAS-lacZ critical class males were determined to have mean 

ommatidial count of 457.8 (n=15). The overexpression of Rbf along with foxo directed by the GMR-

Gal4 has mean ommatidial count of 404.4, less compared to control with P-value 0.0100 as 

determined by unpaired t-test (Figure 9.4B i). The inhibition of Rbf by Rbf-RNAi’s along with foxo 

directed by the GMR-Gal4 has mean interommatidial bristle count of 592 and 603.5, much higher 

to control with P-value <0.0001 as determined by unpaired t-test (Figure 9.4B ii). 

The control GMR-Gal4; UAS-foxo UAS-lacZ critical class males were determined to have mean 

interommatidial bristle count of 5.929 (n=15). The overexpression of Rbf along with foxo directed 

by the GMR-Gal4 has mean interommatidial bristle count of 0.5, less compared to control with P-

value 0.0068 as determined by unpaired t-test (Figure 9.4B ii). The inhibition of Rbf by UAS-Rbf-

RNAi1 and UAS-Rbf-RNAi2 along with foxo directed by the GMR-Gal4 has mean interommatidial 

bristle count of 49.71 and 17.93 respectively, much higher to control with P-value <0.0001 as 

determined by unpaired t-test (Figure 9.4B ii). 

The control GMR-Gal4; UAS-foxo UAS-lacZ critical class males were determined to have 2902μm2 

mean disrupted eye area (n=15). The overexpression of Rbf along with foxo directed by the GMR-

Gal4 has 2662μm2 mean disrupted eye area, similar to control with P-value 0.3584 as determined 

by unpaired t-test (Figure 9.4B i). The inhibition of Rbf by Rbf-RNAi1 and Rbf-RNAi2 along with foxo 

directed by the GMR-Gal4 has 493.3μm2 and 558.4μm2 mean disrupted eye area respectively, 

much less compared to control with P-value <0.0001 as determined by unpaired t-test (Figure 9.4B 

iii)  
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Figure 9.4: The phenotypic effects of altered Rbf expression on foxo eye phenotype. A. Scanning 
electron micrograph of the altered Drp1 expression under the control of GMR-Gal4/UAS-foxo 
transgene. The genotypes are (a) GMR-Gal4/UAS-lacZ/UAS-foxo (Control); (b) GMR-Gal4/UAS-
foxo/UAS-Rbf; (c) GMR-Gal4/UAS-foxo/UAS-Rbf-RNAi1; (d) GMR-Gal4/UAS-foxo/UAS-Rbf-RNAi2. 
B. The mean ommatidia number for control is 457.8; the expression of Rbf results in 404.4 
ommatidia, decreased compared to control. The mean ommatidial count of Rbf-RNAi lines is 592 
and 603.5 increase compare to control. C. The mean interommatidial bristle count for the control 
is 5.929, and the Rbf expression lines have almost no interommatidial bristle. The mean 
interommatidial bristle count of Rbf-RNAi line is 49.71 and 17.93 increase compare to control. D. 
There disrupted eye for the control is 2902μm2, and the Rbf expression lines results in 2662μm2 
similar compare to control. The disrupted eye area of Rbf-RNAi lines was 493.3μm2 and 558.4μm2 
much less compared to control.  
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Effect of overexpression and inhibition on Pink1 on foxo eye phenotype via GMR-Gal4 
The control GMR-Gal4; UAS-foxo UAS-lacZ critical class males were determined to have mean 

ommatidial count of 386.4 (n=15). The overexpression of Pink1 along with foxo directed by the 

GMR-Gal4 has mean ommatidial count of 318.8, less compared to control with P-value 0.0010 as 

determined by unpaired t-test (Figure 9.5B i). The inhibition of Pink1 along with foxo directed by 

the GMR-Gal4 has mean ommatidial count of 616.1, much higher compared to control with P-

value <0.0001 as determined by unpaired t-test (Figure 9.5B i). 

The control GMR-Gal4; UAS-foxo; UAS-lacZ critical class males were determined to have mean 

interommatidial bristle count of 6.800 (n=15). The overexpression of Pink1 along with foxo 

directed by the GMR-Gal4 has mean interommatidial bristle count of 3.643, less compared to 

control with P-value 0.0113 as determined by unpaired t-test (Figure 9.5B ii). The inhibition of 

Pink1 along with foxo directed by the GMR-Gal4 has mean interommatidial bristle count of 247.9, 

much higher compared to control with P-value <0.0001 as determined by unpaired t-test (Figure 

9.5B ii).  

The control GMR-Gal4; UAS-foxo UAS-lacZ critical class males were determined to have 2573μm2 

mean of disrupted eye are (n=15). The overexpression of Pink1 along with foxo directed by the 

GMR-Gal4 has 3419μm2 mean of disrupted eye area, similar to control with P-value 0.0515 as 

determined by unpaired t-test (Figure 9.5B ii). The inhibition of Pink1 along with foxo directed by 

the GMR-Gal4 has no disrupted eye area, much less compared to control with P-value <0.0001 as 

determined by unpaired t-test (Figure 9.5B iii).  
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Effect of overexpression and inhibition on parkin on foxo eye phenotype via GMR-Gal4 
The control GMR-Gal4; UAS-foxo UAS-lacZ critical class males were determined to have mean 

ommatidial count of 386.4 (n=15). The overexpression of parkin along with foxo directed by the 

GMR-Gal4 has mean ommatidial count of 218.1, less compared to control with P-value <0.0001 as 

determined by unpaired t-test (Figure 9.5B i). The inhibition of parkin along with foxo directed by 

the GMR-Gal4 has mean ommatidial count of 262.6, much less compared to control with P-value 

<0.0001 as determined by unpaired t-test (Figure 9.5B i).  

The control GMR-Gal4; UAS-foxo; UAS-lacZ critical class males were determined to have mean 

interommatidial bristle count of 6.800 (n=15). The overexpression of parkin along with foxo 

directed by the GMR-Gal4 has mean interommatidial bristle count of 1.133, less compared to 

control with P-value <0.0001 as determined by unpaired t-test (Figure 9.5B ii). The inhibition of 

parkin along with foxo directed by the GMR-Gal4 has mean interommatidial bristle count of1.867, 

much lower compared to control with P-value 0.0003 as determined by unpaired t-test (Figure 

9.5Bii). The control GMR-Gal4; UAS-foxo UAS-lacZ critical class males were determined to have 

2573μm2 mean of disrupted eye are (n=15). The overexpression of parkin along with foxo directed 

by the GMR-Gal4 has 2998μm2 mean of disrupted eye area, similar to control with P-value 0.2440 

as determined by unpaired t-test (Figure 9.5B ii). The inhibition of parkin along with foxo directed 

by the GMR-Gal4 has 3040μm2 mean of disrupted eye area, similar to control with P-value 0.2064 

as determined by unpaired t-test (Figure 9.5B iii).  
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Figure 9.5: The phenotypic effects of altered Pink1 and parkin expression on foxo eye phenotype. 
A. Scanning electron micrograph of the altered Drp1 expression under the control of GMR-
Gal4/UAS-foxo transgene. The genotypes are (a) GMR-Gal4/UAS-lacZ/UAS-foxo (Control); (b) 
GMR-Gal4/UAS-foxo/UAS-Pink1; (c) GMR-Gal4/UAS-foxo/UAS-Pink1-RNAi; (d) GMR-Gal4/UAS-
foxo/UAS-parkin; (e) GMR-Gal4/UAS-foxo/UAS-parkin-RNAi. B. The ommatidia number for control 
is 381 median ommatidia per eye; the expression of Pink1 results in 321 and parkin results in 218.1 
ommatidia per eye, much less compared to control. The mean ommatidial count of Pink1-RNAi is 
616.1 much higher compare to control. The mean ommatidia count of parkin-RNAi is 262.6 
decreased compare to control. C. The interommatidial bristle count for the control is 6.8; the 
expression of Pink1 results in 3.643, parkin results in 1.133, and parkin-RNAi result in 1.867 bristle 
decreased compared to control. The interommatidial bristle count of Pink1-RNAi was 247.9 
increase compare to control.  D. The disrupted eye for the control is 2573μm2, the Pink1 
expression lines results in 3419μm2, and parkin results in 2998μm2, and parkin-RNAi results in 
3040μm2 similar to control. There is no disrupted eye area in Pink1-RNAi lines which is decrease 
compare to control.  
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Effect of overexpression and inhibition on trbl via GMR-Gal4 on the foxo eye phenotype  
Alteration of the expression of trbl in the in the developing eye of GMR-Gal4 UAS-foxo flies 

influences the characteristic foxo phenotype. The ommatidial count are much lower with trbl 

overexpression, in two out of three transgenes when analyzed for 15 flies of each genotype. The 

mean of ommatidial count produced by the UAS-trbl-1, UAS-trbl-2 and UAS-trbl-3 transgene was 

141.4 (P value<0.0001), 425.4 (P value=0.0.0273) and 122 (P value<0.0001) respectively, 

compared to 363.1 of control flies as determined by an unpaired t-test. Out of the three 

genotypes, UAS-trbl-2 expression produced few visible bristles which were much less compared 

to control. The disrupted eye area of UAS-trbl-1, UAS-trbl-2 and UAS-trbl-3 transgene was, 

12926μm2 (P-value<0.0001), 3514μm2 (P-value=0.2538) and 15153μm2 (P-value<0.0001) 

respectively, compared to 2932μm2 of the control flies as determined by an unpaired t-test. 

The mean of ommatidia count produced by the UAS-trbl-RNAi-1, UAS-trbl-RNAi-2 and UAS-trbl-

RNAi-3 transgene was much lower except UAS-trbl-RNAi-1 at, 274.6 (P-value<0.0139), 495.1 (P 

value<0.0001) and 460 (P value<0.0001) compared to 363.1 of control flies as determined by an 

unpaired t-test. The mean of bristle count produced through inhibition by the UAS-trbl-RNAi1, 

UAS-trbl-RNAi2 and UAS-trbl-RNAi3 transgene was much less at, 0 (P-value<0.0001), 1.923 (P-

value=0.0452) and 1.077 (P-value=0.0074) compared to 4.846 median bristles per eye of control 

flies as determined by an unpaired t-test. The disrupted eye area of UAS-trbl-1, UAS-trbl-2 and 

UAS-trbl-3 transgene were similar to control except UAS-trbl-1, 14080μm2 (P value<0.0001), 

3004μm2 (P-value=0.8915) and 3091μm2 (P-value=0.6558) respectively compared to 2932μm2 of 

control flies as determined by an unpaired t-test Figure 9.6B(iii).  
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Figure 9.6: The phenotypic effects of altered trbl and trbl-RNAi expression upon the  foxo eye 
phenotype. A. Scanning electron micrograph of the altered Drp1 expression under the control of 
GMR-Gal4/UAS-foxo transgene. The genotypes are (a) GMR-Gal4/UAS-lacZ/UAS-foxo (Control); (b) 
GMR-Gal4/UAS-foxo/UAS-trbl1; (c) GMR-Gal4/UAS-foxo/UAS-trbl2; (d) GMR-Gal4/UAS-foxo/UAS-
trbl3; (e) GMR-Gal4/UAS-foxo/UAS-trbl-RNAi1; (f) GMR-Gal4/UAS-foxo/UAS-trbl-RNAi2; (g) GMR-
Gal4/UAS-foxo/UAS-trbl-RNAi3. B. The ommatidia number for the control is 363.1; the expression 
of the three trbl transgenes result in 141.4, 425.4 and 122 ommatidia, a decrease with two of 
three transgenes compared to the control. The mean ommatidial counts of trbl-RNAi transgenes 
is 274.6, 495.1 and 460 increased in two out of three lines compared to control. C. The mean 
number of interommatidial bristles for the control is 4.846, the expression of trbl results in 0, 1.42 
and 0 bristles, a decrease compared to the control. The number of interommatidial bristles of trbl-
RNAi is 0, 1.923 and 1.077 decreased compare to control.  D. The disrupted eye for the control is 
2932μm2, the trbl expression lines results in 12926μm2, 3514μm2 and 15153μm2 increased on two 
out of three lines compared to control. and trbl-RNAi results in 14080μm2, 3004μm2 and 3091μm2 
decreased in two out of three lines compared control.    
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Discussion 
The directed expression of foxo in the developing fly eye produces a characteristic 

phenotype consisting of decreased numbers of ommatidia and interommatidial bristles (Kramer 

et al. 2003). Acute stress can cause foxo to activate the transcription of pro-apoptotic protein 

genes (Fu and Tindall 2008). The directed inhibition of foxo through RNAi (UAS-foxo-RNAi) 

transgenes led to a slight increase in the number of ommatidia and inter-ommatidial bristles. The 

increase in the ommatidia and bristle count could be due to hormesis effect of foxo inhibition 

during eye development. The expression of foxo-RNAi in different transgenes, which give PD-like 

characteristics in drosophila, helped us investigate the possible link between the genes and their 

respective phenotypes. Foxo plays a central role in neuroprotection and protects against axonal 

tract degeneration in mammalian models (Hwang et al. 2018). Foxo overexpression is not always 

toxic and acts as a bona-fide tumour suppressor and helps in alleviation of cellular stresses. 

Pink1 is the direct downstream target of foxo (Mei et al. 2009; Li et al. 2017; Bartolomé et 

al. 2017). The directed expression of the Pink1-RNAi results in the suppression of the foxo 

overexpression eye phenotype. Hence, the directed expression of Pink1-RNAi and loss of Pink1 

function confers the advantage through inhibition of downstream signalling. The expression of 

parkin-RNAi does not rescue the phenotype, which supports the importance of separate roles for 

Pink1 and parkin apart from their collaboration in the initiation of mitophagy (Seirafi et al. 2015). 

The activities of the foxo protein can be altered by the directed expression of PI3K, Akt or other 

upstream regulators (Greer and Brunet 2005; Hay 2011). In mammals, Akt modulates the 

mitochondrial-mediated apoptosis through inactivation of the pro-apoptotic Bcl-2 family protein, 

Bad (Song et al. 2009). The role of Bcl-2 family proteins in the maintenance of mitochondrial health 

and the regulation of apoptosis is well established. The overexpression of anti-apoptotic Buffy 
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along with the expression of foxo in developing eye result in the enhancement of the foxo eye 

phenotype. The tumour-suppression signal by the excess foxo abrogates the anti-apoptotic effect 

of Buffy overexpression. We established that overexpression of pro-apoptotic Debcl, along with 

the excess foxo gives a novel eye phenotype; lose all ommatidial structure likely due to excessive 

pro-apoptotic signalling. Thus, foxo protein seems vital in the regulation of the IRS and 

maintenance of homeostasis. 

 The IRS is dependent on foxo, Rbf and other transcription factors (Wei et al. 2016). The 

directed overexpression of Rbf along with foxo causes the phenotype to become more severe. The 

directed expression of foxo along with the inhibition of Rbf through UAS-Rbf RNAi suppresses the 

eye phenotype. Similarly, the suppression of foxo rescued the Rbf inhibition induced phenotype 

in selected neurons (Chapter 8). The molecular mechanism behind the pro-cell survival effects is 

apparently increased homeostasis. 

While the trbl/trbl3 protein binds to Akt to block Akt-mediated IRS in flies and mammals 

(Qi et al. 2006), unexpectedly it decreases the total levels of foxo protein in flies (Das et al. 2014). 

In my results, two out of three trbl overexpression lines enhance the foxo eye phenotype, contrary 

to the synergistic activities that allow trbl and Akt to degrade the foxo protein (Das et al. 2014). 

The two of three trbl-RNAi transgenes ameliorate the foxo eye phenotype. Furthermore, the 

intermediate results in my data strongly support the role of trbl in regulating foxo-mediated 

pathways. 

Conclusion 
The inhibition of Pink1 suppresses the foxo eye phenotype that is strongly associated with 

excessive apoptosis. In comparison, the inhibition of parkin does not affect the foxo 

overexpression phenotype, which indicates the existence of two important and distinct 
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mechanisms for Pink1 and parkin in relation to foxo. The suppression of Rbf increases homeostasis 

and ameliorates the foxo eye phenotype. The mixed results of trbl and foxo altered expression 

highlights the complexity of trbl-induced Akt and foxo regulation mechanisms and its adverse 

effects of misregulation. These results demonstrate the multi-faceted mechanisms involved in the 

foxo regulation and its downstream targets, sometimes leading to the etiology of PD 
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Chapter 10: Summary and Future Direction 
 

The Drosophila mitochondria fission protein is pro-survival  
The Dynamin superfamily of genes encodes a highly conserved family of proteins that are present 

in the cytoplasm of all eukaryotic organisms, including plants, mammals, and yeast. Drp1 is 

responsible for the process of the fission of mitochondria in eukaryotic cells (Bleazard et al. 1999; 

Hu et al. 2017) [Chapter1 and 2]. Mitochondrial dysfunction underlies important mechanisms 

implicated in the pathogenesis of PD (McLelland et al. 2014). When altered, genes that function 

in the maintenance of mitochondria health, have been demonstrated to cause neurodegeneration 

due to mitochondrial dysfunction (McLelland et al. 2014). With these observations as a basis, I 

pursued the hypothesis that the expression of the Drp1 gene can change mitochondrial dynamics 

to affect mitochondrial function which, in turn, may influence greatly phenotypes that contribute 

to models of neurodegenerative disease and ageing. Cellular stress, such as hypoxia in mice (Kim 

et al. 2011) and rifampicin in human hepatocyte lines (Li et al. 2019), increased the prevalence of 

mitochondrial fragmentation through translocation Drp1 to mitochondria. The hyperactivity of 

Drp1 is a cellular response against increased stress promoted cell death (Kim et al. 2011; Pradeep 

et al. 2014; Zemirli et al. 2018; Li et al. 2019). The overexpression of Drp1 in selected neurons, 

decreases median lifespan and climbing ability over time [Chapter 2]. My study found the 

overexpression of Drp1 results in a PD-like phenotype and is detrimental for Drosophila 

healthspan. The gain of function may likely activate the downstream signal transduction pathways 

to initiate mechanisms associated with cell death as do some aspects of cellular stress in mammals 

(Pradeep et al. 2014) (Figure 10.1). The complex aspects of mitochondrial fission controlled by 

Drp1/DMN1 seem to be very well conserved between mammals and flies. 
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Figure 10.1: Diagrammatic representation of the effect of cellular and envoirmental stress on Drp1 
and mitochondria. The overall effect of either cellular stresses or the overexpression of Drp1 
seems to be well conserved between flies and mammals. 
 

Drp1 influences the Bcl-2 protein induced apoptosis 
Apoptosis is one of the main mechanisms implicated in the neuronal loss of PD (Erekat 2018). The 

post-mortem and in vitro studies confirm the vital role of apoptosis in the degeneration of 

dopaminergic (DA) neurons. In my study, I altered the expression of Drp1, mitochondrial fission 

protein-encoding gene, in the DA neurons and the developing eye (Chapter 2). Manipulations in 

the neurons resulted in flies with compromised survival and locomotor functions. The 

overexpression or inhibition of Drp1 may alter the mitochondrial function which leads to 

consequences that range from an enhanced homeostasis to the facilitation of apoptosis (Frank et 

al. 2001; Hu et al. 2017; Rana et al. 2017). The Drp1-dependent phenotypes may be modified 

through changes to the expression of Bcl-2 family of genes. I obtained strong evidence that the 
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overexpression of Buffy or Debcl inhibition can amend the phenotypes that result from the 

overexpression of Drp1. These interactions suggest a strong involvement of the Bcl-2 family of 

proteins in the degeneration of DA neurons during PD pathogenesis (Van der Heide and Smidt 

2013; Robinson et al. 2018; Erekat 2018). Mitochondria undergo extensive fission during apoptosis 

(Desagher and Martinou 2000) and the Drp1 protein is essential for the release of cytochrome c 

from the inner mitochondrial membrane (Breckenridge et al. 2008; Clerc et al. 2014). In humans, 

the pro-apoptotic Bcl-2 protein, Bax co-localizes with Drp1 (Karbowski et al. 2002) but the 

consequence of this interaction remains unclear. Proposed models of Bax and Drp1 function 

suggest that these proteins may co-operate to carry out mitochondrial apoptosis (Martinou and 

Youle 2011; Maes et al. 2019). However, the role of Drp1 in apoptosis is dependent upon 

mitochondrial fission activity and remains the subject of active investigation. In drosophila, the 

Drp1 and Debcl proteins are found to co-localize on mitochondrial membrane and act to promote 

apoptosis (Clavier et al. 2015). In mammalian cell culture, another Bcl-2 protein, Bcl-xL, can induce 

Drp1-dependent mitochondrial fission; as the GTPase activity of Drp1 is increased in vitro and the 

formation of synaptic vesicle cluster is mediated in the presence of this protein (Li et al. 2008; 

Berman et al. 2009). In addition, studies reveal that the phenotypes associated with alterations to 

the expression of the inner mitochondrial protein gene GHITM can be suppressed by the 

expression of Buffy (Githure and Staveley 2016b). The GHITM protein contains a Bax-inhibitor 

motif and is involved in the regulation of mitochondrial morphology, and downregulation of 

GHITM causes mitochondrial fragmentation and apoptosis (Willems et al. 2015). The interaction 

points of Buffy, Debcl and Drp1 are remaines to be determined by further studies and will possibly 

find out the role of Drp1 in inner mitochondrial protein homeostasis.  
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The transcription activity of Rbf has been demonstrated to decrease the transcription of Buffy and 

promotes the activation of the JNK pathway in flies (Clavier et al. 2015).  However, the role of Rbf 

is much more complex than simply the regulation of the JNK pathway and the overall cell death or 

cell survival signalling can be identified by the phenotypic expressions. Buffy is the only anti-

apoptotic Bcl-2 family protein in drosophila and gives a survival advantage over multiple pro-

apoptotic proteins (Githure and Staveley 2016a, 2017a, 2017b) (Figure 10.2). However, alterations 

in the expression of Buffy in the Drp1 inhibition neurons only partially modify the phenotype, 

shows cell survival is extremely sensitive of mitochondrial dynamics (Chapter 3). I altered the 

expression of Buffy and Debcl separately to observe the phenotypes produced in the common 

background of Rbf inhibition (Chapter 4). The expression of Buffy and Debcl-RNAi provided an 

advantage to survival and seems to amplify the cell survival signals in an Rbf inhibition background. 

The pro-survival effect of Buffy is well established (Githure and Staveley 2016a, 2017a, 2017b) and 

gives survival advantage to neurons under condition of Rbf inhibition. 
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Figure 10.2: Diagrammatic representation of the interpretation of the interactions of Drp1, Buffy 
and Debcl upon mitochondria under stress in flies.  
 

Drp1 effect on the Parkin and α-synuclein models of PD 
To protect the cell, the process of mitophagy is utilized to remove dysfunctional mitochondria. The 

Pink1/Parkin cell signalling transduction pathway believed to be responsible primarily for the 

turnover of defective mitochondria via mitophagy. I utilized PD models (Parkin and α-synuclein) to 

investigate the effect of the overexpression or inhibition of Drp1. In the parkin loss of function 

critical class, the overexpression of Drp1 has acted to enhance the phenotypes (Chapter 2). This 

finding indicates the involvement of Drp1 in a pro-apoptotic signalling mechanism, which may be 

initiated by the production of excess Drp1 protein, coupled with a diminished presence of the 

parkin protein. These observations are consistent with studies that found that parkin may 

ubiquitinylate the Drp1 protein to promote degradation and that the inhibition of the parkin E3 
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ubiquitin ligase activity may impair the ubiquitination of substrates to cause of neuronal 

degradation effect in PD (Willems et al. 2015). The inhibition of Drp1 can result in the suppression 

of the loss of parkin-induced phenotypes which may indicate an improvement in cellular 

homeostasis (Chapter 2); the pathway appears to be very well-conserved between mammals and 

diptera. The Drp1 inhibition may prevent the toxic aspects of the inhibition of parkin signalling to 

provide an advantage in survival. As to the possibility that the Drp1 and parkin proteins interact in 

a direct manner remains to be elucidated, this relationship can serve as therapeutic target. The 

Drp1 inhibition suppresses the MPTP-induced reduction in DA neurons and alleviates the 

behavioral deficits induced by MPTP in mice (Filichia et al. 2016). Mutations of Pink and parkin 

have been found to increase the mitochondrial localization of Drp1 in Drosophila (Poole et al. 

2010). The parkin-knockout mouse embryonic fibroblasts (MEFs) increase the mitochondrial 

fission in Drp1 knockout cells (Roy et al. 2016) and is consistent with the hypothesis that the Pink1 

and parkin mutations result in an increase in the localization of the Drp1 protein to the 

mitochondria in Drosophila (Poole et al. 2010). The most plausible interpretation may be that this 

mechanism may act to achieve a healthy balance between the amounts of the parkin and Drp1 

proteins on the surface of mitochondria in neurons. 

 

The α-synuclein-induced PD model in Drosophila is a robust model for the study of neuronal 

degeneration and programmed cell death (Feany and Bender 2000). The loss of function of Drp1 

alleviates the compromised longevity and climbing defects in the α-synuclein-induced PD model 

(Chapter 6). This survival enhancement may be due to the inhibition of Drp1 and was 

demonstrated both in Pink1 deletion and MPTP-treated mice models of PD (Rappold et al. 2014; 
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Filichia et al. 2016). This is consistent with results of the expression of a-synuclein in combination 

with Drp1 inhibition, as predicted from experiments in mammalian cell culture (Fan et al. 2019). 

The inhibition of Drp1 produces a discontinuation of the translocation of p53 to the mitochondria 

and the subsequent activation of BAX and PUMA-mediated apoptotic pathway (Filichia et al. 

2016). The PD related proteins including parkin, Pink1 and α-synuclein regulate the mitochondrial 

function with the assistance of Drp1 (Yang et al. 2008; Kamp et al. 2010; Liu et al. 2011; Filichia et 

al. 2016). The overexpression of Drp1 along with expression of α-synuclein in the DA neurons has 

been shown to counteract the α-synuclein-induced longevity phenotypes but further impairs the 

climbing abilities of the flies throughout the life of the organisms (Chapter 6). In general, cellular 

stress increases the Drp1 localization on mitochondria to promote mitophagy or apoptosis 

depending on the cellular environment (Pradeep et al. 2014). The Drp1 assists different pathways 

to maintain mitochondrial health and cellular homeostasis. 

 

The expression of Rbf in an α-synuclein-induced PD model in Drosophila rescues the phenotype 

(Chapter 6). The Rbf induced protection could be by initiating apoptosis which decrease the 

cellular stress caused by the accumulation of the α-synuclein protofibrils. This survival 

enhancement by Rbf overexpression was demonstrated in other PD models in Drosophila that 

included the mitochondrial parkin-RNAi model (Chapter 5), Drp1 expression and Drp1 inhibition 

models (Chapter 4). However, the expression of Rbf without the co-expression of the other genes 

of interest in the selected DA neurons compromised lifespan and climbing ability. Rbf can regulate 

cell proliferation and apoptosis depending on the cellular signalling (Tanaka-Matakatsu et al. 
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2009). The inhibition of the transcriptional regulator Rbf in DA neurons resulted in shortened 

lifespan and a precocious loss in climbing ability 

 

Direct and indirect regulatory partners of Drp1 
Drp1 functions through interactions with a number of proteins to cooperatively regulate the 

process of mitochondrial fission. The inhibition of Drp1 through the directed expression of UAS-

Drp1-RNAi transgenes can lead to an increased lifespan coupled with diminished climbing abilities 

over time. The reduced climbing abilities during interference of the expression of Drp1 seems to 

be consequence of the disruption of a number of complex sub-cellular relationships. I have 

evaluated the potential of protein partners that are less known for their regulatory relationship to 

Drp1 and to the health of the mitochondrial population. The Rb protein functions with Drp1 to 

promote mitochondrial-dependent cell death induced by cadmium in hepatocytes and the 

inhibition of Drp1 acts to counteract the effects of mitochondrial mediated cell death induced by 

the Rb protein (Zhang et al. 2019). I found that the phenotypes produced by co-inhibition of Drp1 

and Rbf are very similar to the consequences of the inhibition of Drp1 (Chapter 2 and Chapter 5) 

and the phenotypes of Drp1 overexpression and Rbf inhibition are very close (Chapter 2 and 

Chapter 5). Although this information may not be enough to chart-out the regulatory relationship 

between the two proteins, I have established that overexpression of Rbf can rescue the 

phenotypes caused by Drp1 overexpression in flies (Chapter 4). The mechanism of action for this 

protection is not established, however the expression of Rbf may reduce the potential of cellular 

stress caused by the Drp1 overexpression. The effect of Rbf overexpression is beneficial for cell 

which is undergoing excessive mitochondrial fission. 
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The foxo-induced Drosophila eye phenotype 
The overexpression of Drp1 in selected neurons results in a compromised lifespan along with 

defects in climbing abilities over time (Chapter 2). The suppression of foxo in the background of 

directed overexpression of Drp1 can increase the lifespan and climbing ability, perhaps as foxo 

may activate the Drp1-mediated fission, inhibition of foxo may be beneficial for cell survival under 

these experimental conditions (Shi et al. 2018). The inhibition of foxo along with loss of Drp1 can 

result in a decrease in the median lifespan. Inhibition of Drp1 may provide a limited survival 

advantage and the inhibition of foxo may increase the overall stress to result in cell death. 

Regardless, the survival advantage of Drp1 inhibition is limited and likely helps cell survival by 

diminishment and delay of apoptotic signals. 

The loss of foxo function, in combination with the inhibition of Rbf activities may increase lifespan 

(Chapter 8) as Rbf is involved in insulin receptor signalling (Acharya et al. 2012), a complex 

relationship may exist between these two components. Additionally, the inhibition of Rbf 

expression seems to ameliorate the foxo-induced disrupted eye phenotype (Chapter 9). These 

experiments suggest either a direct or indirect involvement of Rbf or foxo in these processes. 

Finally, when the expression of foxo is inhibited in the α-synuclein-induced Drosophila model of 

PD, this gave a dramatic survival advantage to flies (Chapter 8). My result support the hypothesis 

that reduced foxo function may provide protection against the well-demonstrated toxicity 

observed to be induced by α-synuclein. The transcription activity of foxo/FoxO3a plays a pivotal 

role in α-synuclein-induced toxicity. 
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Limitations of the study 

The limitation of our study is that the experimental design could have some technical flaws. We 

overexpressed and inhibited the homologues of H. sapiens genes implicated for 

neurodegeneration using the UAS-Gal4 and RNAi system. The transgenes employed have been 

previously characterized by other groups; however, I did not assay the expression of these 

transgenes personally. I did express overexpression and inhibition line together to see if the 

results were similar to control, but a protein assay would have given more certainty to the 

expression levels. I did utilize more than one RNAi for the Drp1, Rbf and trbl for expression 

analysis which helps alleviate this effect in these datasets. Our results provided us with the 

phenotype which traditionally signifies degenerations and decreased homeostasis. However, we 

did not quantify the expression level of these genes by quantitative methods such as PCR, RT-

PCR or western blotting. We implied that phenotypic effects were due to the excessive 

mitochondrial fission or excessive apoptosis, giving reference to the previous studies, but no 

molecular staining or assay was done to verify these interpretations. Molecular work to assay the 

amount of protein expression in these cases would help to explain some of the unexpected 

effects witnessed in these experiments. 

 
Future directions  
For the most part, I believe that my studies have helped put into perspective the pro-survival 

advantages that result from inhibition of the Dynamin 1-like protein homologue Drp1 in 

Drosophila. The experiments presented in this thesis anticipate that Drp1 has an active role in 

maintaining mitochondrial homeostasis. Further investigations should focus on studies into the 

potential interactions between Drp1 and other genes of interest. The understanding of sensitivity 
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of cells following the loss and gain of Drp1 expression is crucial to the potential utilization of this 

protein as a target of therapeutic approaches in the treatment of a wide range of human 

conditions. The evaluation of multiple approaches to control of Drp1 may be required to 

determine the optimum conditions of Drp1 expression that favour cell survival. One important 

area of research may centre upon the incompletely understood relationship between the Drp1 

protein and the Bcl-2 family of proteins. Apparently, Drp1 functions in tandem with the Debcl 

protein to promote cell death. Studies of specific protein interactions are desirable to help come 

to a clear understanding of the roles of Rbf, Drp1 and the Bcl-2-related genes in the regulation of 

mitochondrial health. Finally, further investigation into the interaction between Drp1 and parkin 

is required to more fully understand the effects that the overexpression of Drp1 has upon flies 

when parkin is inhibited or when human α-synuclein is expressed to produce phenotypes that 

model of PD. As the survival benefit of inhibition of Drp1 is subtle and Drp1 expression provides a 

survival advantage, such interaction studies should help us to differentiate the molecular 

mechanisms that contribute to the parkin loss of function and the ectopic alpha-synuclein “gain of 

function” Drosophila models of PD and, consequently a fuller understanding of the role of altered 

Drp1 expression at the level of molecular cell biology. 
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