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The objective of this thesis was to understand how the iron chelating drug, Deferiprone (DFP), mediates its effects in mitophagy through Parkin/PINK1 independent mechanisms. 
DFP is an iron chelating drug currently in clinical trials for the treatment of Parkinson’s disease and has been shown to induce mitophagy independently of the PINK1/Parkin mitophagy pathway. Parkin/PINK1 mutations are the most common causes of autosomal-recessive Parkinson’s disease. However, little is known about the action of DFP in this alternative pathway. Mitophagy is the lysosomal degradation of mitochondria. In sporadic and familial Parkinson’s disease, mitochondrial function can be defective. Mitophagy overcomes this by removing damaged mitochondria, however this can also be impaired, particularly in patients with mutations in Parkin/PINK1. 
Evidence from the work carried out in this thesis suggests that SENP3 is important for DFP-induced mitophagy. SENP3 is a deSUMOylation enzyme involved in removing SUMO-2/3 modifications from target proteins. One potential target is Fis1, a mitochondrial membrane protein with links to mitophagy. Through biochemical and microscopy techniques, it was shown that both SENP3 and Fis1 play important roles in DFP-induced mitophagy, with SENP3 acting to deSUMOylate Fis1, a novel SUMO substrate. It is believed that Fis1 in its deSUMOylated state localises better to the mitochondria and is capable of inducing mitophagy. 
The work carried out in this thesis highlights an alternative mitophagy pathway through which DFP acts to induce mitophagy. The superfluous nature of Parkin/PINK in this pathway makes it an attractive avenue to explore. 
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[bookmark: _Toc1977289][bookmark: _Toc45731425]1.1.1 Overview of Parkinson’s disease
Parkinson’s disease is the second most common neurodegenerative disease affecting the central nervous system and affects around 1% of the population aged over 60 years (Tysnes and Storstein, 2017). It is characterised by its motor symptoms, including bradykinesia, tremor and rigidity, and was first termed “the shaking-palsy” by James Parkinson over 200 years ago (Goetz, 2011). Since it was first described in 1817, the symptomology of Parkinson’s disease now extends beyond its classical motor symptoms, and includes non-motor symptoms such as mood disorders, hyposomnia and olfactory dysfunction which often precede the classical motor symptoms and can be key to pre-clinical diagnosis (Poewe, 2008; Doty, 2012).
Although the cause of the disease is less well understood, the pathological manifestation involves the loss or disruption of the dopaminergic neurons in the pars compacta, a part of the substantia nigra of the midbrain. These neurons innervate and synapse with neurons of the basal ganglia and play an important role in a wide variety of brain functions, including voluntary movement, mood, reward, stress and addiction, and thus, disturbances to them lead to the appearance of a range of motor and non-symptoms alike. 
The aetiology of Parkinson’s disease is multifactorial, having influences from both genetics and environmental factors. Some cases of Parkinson’s disease are caused by an unknown degenerative disease process whereas others have a clear genetic cause. One of the greatest risk factors, however, is age. In one study assessing the incidence of Parkinson’s disease with age, only about 4% of Parkinson’s disease cases were diagnosed before the age of 50 years, which is in contrast to over 60% of cases being diagnosed between the age of 65 and 79 years (Van Den Eeden et al., 2003). Normal ageing is associated with a loss of dopaminergic neurons in the substantia nigra, however, the loss is usually not significant enough to lead to Parkinson’s disease (Cabello et al., 2002). Rather, it is likely that a combination of factors, including age, genetics and environmental toxins, are the driving force behind the onset of Parkinson’s disease.
[bookmark: _Toc1977290][bookmark: _Toc45731426]1.1.2 Pathology of Parkinson’s disease
A key feature of Parkinson’s disease is the loss of the dopaminergic neurons in the substantia nigra. Dopamine is a catecholamine neurotransmitter that is primarily found in the brain as well as also functioning as a hormone, released by the hypothalamus. Dopamine has been well characterised; it is formed in dopaminergic neurons of the brain from tyrosine via the addition of a hydroxyl group, transforming it to L-DOPA. Further processing results in the formation of Dopamine, whose effects span from motor control, motivation and arousal, reinforcement, and reward. In the brain, dopamine is produced in several areas, including the substantia nigra, the ventral tegmental area and the arcuate nucleus of the hypothalamus. Once released from the pre-synaptic terminal, dopamine targets dopaminergic receptors, a class of G protein-coupled receptors, on the post-synaptic terminals. Dopaminergic receptors can be classified into either D1-like (D1 and D5) or D2-like (D2, D3 and D4) receptors. 
The binding of dopamine to D1-like receptors results in excitation via the opening of Na+ channels. In contrast, D-2 like receptor binding lead to inhibition of the target neuron. Therefore, depending on the target receptor, dopamine can have excitatory or inhibitory effects, particularly in motor control and this is discussed further in this chapter in 1.1.2.1.
 In the early stage of the disease, the loss of dopaminergic neurons in the substantia nigra is confined to only the ventrolateral portions, but by the end stages of the disease more widespread degeneration of dopaminergic neurons is seen in the midbrain (Damier et al., 1999). This selective vulnerability of ventrolateral (nigrostriatal pathway) neurons over more medial and dorsal (mesolimbic pathway) neurons may be due to calcium transients and a decrease in efficiency of calcium buffering, leading to cellular stress and eventually cell death (Damier et al., 1999). It is important to note that the loss of dopaminergic neurons starts before the onset of the motor symptoms.  
In addition to this, the other neuropathology seen in Parkinson’s disease is the abnormal deposition of α-synuclein in specific neurons in several areas of the brain, in particular in the brain stem and in neurons of the olfactory system. These insoluble protein inclusions are formed predominantly of α-synuclein and are referred to as Lewy bodies. It is a member of a three protein family; α-synuclein, β-synuclein and γ-synuclein (Lashuel et al., 2012). Normally, α-synuclein is a 140 amino acid, natively unfolded acidic protein found primarily at the pre-synaptic terminals of neurons, and is abundantly expressed in the human brain, contributing ~1% to total protein content in the cytosol.  
A role for α-synuclein in the pathogenesis of Parkinson’s disease was first described after the identification of a mutation (A53T) in the SNCA gene, encoding for α-synuclein, in a form of autosomal dominant Parkinson’s disease (Polymeropoulos et al., 1997). Following the identification of mutant forms of SNCA, it was found that these missense mutations caused an increased incidence of α-synuclein aggregation and misfolding in vitro (Conway et al., 1998). In addition, genome-wide association studies have linked single-nucleotide polymorphisms with increased risk of sporadic Parkinson’s disease (Nalls et al., 2011). 
The contribution of α-synuclein aggregation to Parkinson’s disease is still somewhat unclear. The levels of α-synuclein in the brain are due to a balance between synthesis, aggregation and clearance, and an imbalance of these, as a result of dysfunction, will result in abnormal levels of α-synuclein which could contribute to the formation of oligomeric or fibrillar species that may be toxic. It has been suggested that the pre-fibrillar soluble oligomeric forms of α-synuclein are actually the most toxic species and that fibril forms are less toxic. In one in vitro study, it was shown that the acceleration of oligermerisation and not fibrilisation was a property of the A53T SNCA mutation linked to autosomal dominant Parkinson’s disease (Conway et al., 2000). Formation of α-synuclein-containing toxic oligomeric species is believed to be due to several different factors, including post-translational protein modifications (PTMs) and interactions with lipids and oxidative stress. An example of how PTMs can impact α-synuclein aggregation has been demonstrated extensively by the study of phosphorylation of α-synuclein at serine 129 (Wakamatsu et al., 2007). In one in vivo mouse study, it was observed that phosphorylation at this residue caused translocation of α-synuclein to the nucleus, suggesting a role for phosphorylation in cellular localisation of α-synuclein (Wakamatsu et al., 2007). These findings are particularly interesting as, recently, it has been shown that α-synuclein aggregates interact with DNA, leading to nuclear degradation which may be a major cause of cell death, presenting a potential role for phosphorylation of α-synuclein at serine 129 in the pathogenesis of Parkinson’s disease (Power et al., 2017). 
Despite Lewy bodies being a core neuropathological hallmark of Parkinson’s disease diagnosis, the pathophysiology of the neurodegenerative process is not easily explained by Lewy bodies and in some cases there is no real correlation between number of Lewy bodies and neuronal cell loss or severity of disease, which is a topic of much debate (Heckman et al., 2017). 
[bookmark: _Toc45731427]1.1.2.1 Pathology of the basal ganglia in Parkinson’s disease
The Basal ganglia are a group of complex subcortical structures found within the cerebral hemispheres. Comprised of the caudate and putamen (collectively referred to as the striatum), the nucleus accumbens, globulus pallidus, the substantia nigra and the subthalamic nuclei, the basal ganglia is responsible for enabling and modulating voluntary movements through internal and external ques. Additionally, the roles of the basal ganglia extend to non-motor functions, such as decision making (Thibaut, 2016). It is believed that initiation of movement begins in the cortex, but it is the proper functioning of the basal ganglia that is essential to relay the motor commands.
There are two distinct pathways in the basal ganglia that are involved in modulating voluntary motor commands; the direct “D1” and indirect “D2” pathways outlined in Fig. 1.1 A. The striatal output consists of GABAergic medium spiny neurons (MSNs) that are grouped into subpopulations based on their expression of D1 or D2 dopaminergic receptors. Dopamine is produced and released from the substantia nigra pars compacta, where it projects to the MSN of the striatum. Here, two pathways are initiated. To begin with the Direct “D1” pathway, dopamine activates D1 receptors, excitating the inhibitory GABAergic neurons which project to and inhibt the globulus pallidus internus (GPi).The inhibition of the GPi prevents the inhibitory GABAergic efferents from inhibiting the thalamus, which is responsible for excitation of the motor cortex and execution of movement (Fig. 1.1 A). As a result, the thalamus fires action potentials (Aps) to excite the motor cortex and motor function is executed. To ensure balance and to control movement, the indirect pathway is required. In this pathway, dopamine released from the substantia nigra pars compacta binds to D2 receptors in the striatum to inhibit their GABAergic inhibitory output on the globulus pallidus externus (GPe). Normally, the GPe is responsible for inhibiting the subthalamic nuclei (STN). With inhibition of the GPe, the STN is able to fire excitatory inputs into GPi, which inhibits the thalamus and prevents movement (Fig. 1.1 A). It is the balance of these two pathways that controls movement and ensures proper and precise voluntary movement. An increase in the direct “D1” pathway and movement will increase, however an increase in the in-direct “D2” pathway and movement may decrease.
In Parkinson’s disease, the supply of dopamine to the striatum is significantly reduced. This affects the direct “D1” pathway by reducing the inhibitory outputs of the striatum onto the GPi. Without this inhibition, the GPi sends inhibitory projections to the thalamus to decrease movement. In addition, the in-direct “D2” pathway is not inhibited by the binding of dopamine to the D2 receptors and therefore the striatum sends inhibitory GABAergic projections to the GPe. The GPi is inhibited, thus the subthalamic nuclei is able to activate the GPi. Again, the GPi sends inhibitory signals to the thalamus. The thalamus is unable to excite the motor cortex to execute movement (Fig. 1.1 B).
[image: ][image: ]B.
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Figure 1.1. Physiology of the basal ganglia in health and in Parkinson’s disease A) In healthy basal ganglia, two pathways exist to execute controlled voluntary movement. The direct and indirect pathways are initiated by dopamine projections from the substantia nigra pars compacta. B) In Parkinson’s disease, dopamine transmission is reduced from the substantia nigra due to the selective degeneration o the dopaminergic neurons. This results in a disruption to both the direct and indirect pathways, causing movement difficulties.



[bookmark: _Toc1977291][bookmark: _Toc45731428]1.1.3 Genetics of Parkinson’s disease
For a long time, Parkinson’s disease was considered a result of environmental factors, with no real regard for genetic factors. This perception began to change in 1997 with the discovery of mutations in the SNCA gene that encodes α-synuclein, alongside the evidence that α-synuclein is the major component of Lewy bodies. Since the identification of SNCA as the first causative gene in Parkinson’s disease, our understanding of the role genetics play in the onset of Parkinson’s disease has greatly improved and several other Parkinson’s disease-related genes have been discovered. It is estimated that around 10-15% of patients with Parkinson’s disease have a family history of the disease (Carr et al., 2003; Thomas and Beal, 2007). Currently, 28 different chromosome regions (termed PARK to indicate their link to Parkinsonism) have been linked to Parkinson’s disease (Klein and Westenberger, 2012). Of the genes that are conclusively linked to monogenic forms of Parkinson’s disease, SNCA (PARK1) and LRRK2 (PARK8) are responsible for autosomal-dominant forms of Parkinson’s disease, whereas Parkin (PARK2), PINK1 (PARK6), DJ-1 (PARK7), and ATP13A2 (PARK9) are accountable for forms that are autosomal recessive in their inheritance (Klein and Westenberger, 2012).
As mentioned previously, the A53T missense mutation in SNCA was the first identified causative mutation in Parkinson’s disease (Polymeropoulos et al., 1997). Additional studies confirmed the role of α-synuclein in Parkinson’s disease upon discovery of further missense mutations in SNCA, including A30P, E46K, H50Q, A53E which are associated with early-onset Parkinson’s disease (Krüger et al., 1998; Zarranz et al., 2004; Appel‐Cresswell et al., 2013; Pasanen et al., 2014).
Discovered in a gene sequencing study in 2004 as being a gene mutated in several cases of autosomal-dominant late-onset Parkinson’s disease, LRRK2 has since been studied extensively and is recognised as a major risk factor for both sporadic and familial cases of Parkinson’s disease and the most common genetic cause, accounting for 4% of familial and 1% of sporadic Parkinson’s disease cases (Zimprich et al., 2004; Healy et al., 2008). LRRK2 is a large gene that encodes the 2,527 amino acid protein, leucine-rich repeat kinase 2 (LRRK2). LRRK2 is a large multifunctional cytoplasmic protein that consists of an N-terminally located leucine-rich repeat and a C-terminus kinase domain. Although the pathogenic mechanism for which LRRK2 mutations lead to Parkinson’s disease is unknown, it is probable that mutations are capable of disrupting the many protein-protein interacting domains and therefore interfering with interactors of LRRK2 which it forms complexes with or which it phosphorylates. Such interactors includes many members of the Rab-GTPases; Rab1b, Rab7L1, Rab8a, Rab10 to name a few (Heo and Seol, 2010; Steger et al., 2016). In a recent analysis of the LRRK2 interactome, 21 targets were found to be linked to risk for Parkinson’s disease, including α-synuclein (Manzoni et al., 2015).
As well as dominantly inherited forms of Parkinson’s disease, several forms of autosomal recessive Parkinson’s disease have also been confirmed. These cases present themselves differently to dominantly inherited forms described earlier, which are usually similar to the late-onset sporadic cases in their symptoms. In recessively inherited forms of the disease, the phenotype differs slightly due to a younger age of onset or presence of additional symptoms. In three forms, caused by mutations in Parkin (PARK2), PINK1 (PARK6), or DJ-1 (PARK7), the phenotype is usually characterized by early-onset without atypical features. Parkin mutations are the most common, accounting for ~50% of cases of familial Parkinson's disease with recessive inheritance (Bonifati, 2012). In sporadic cases, Parkin mutations account for ~15% of cases with onset <45. Mutations in PINK1 and DJ-1 are less common, accounting for ~1-8%, and ~1-2% of the sporadic cases with early-onset (Bonifati, 2012).
Overall, genetic analysis has provided an invaluable contribution to the understanding of the etiology of Parkinson’s disease. Not only that, but through discovery of certain genes, we have been able to build a bigger picture of the pathophysiology of Parkinson’s disease. Mutations in certain genes have allowed us to understand the importance of those genes in both health and in disease states.
[bookmark: _Toc45731429]1.1.3.1 PINK1/Parkin 
The discovery of mutations in PINK1 and Parkin has been invaluable to our understanding of Parkinson’s disease etiology and the discovery of new cellular pathways. Prior to the discovery of these two genes, the hypothesis that mitochondrial dysfunction was linked to Parkinson’s disease had been studied through use of a complex I inhibitor (Sandy et al., 1988). Identification of mutations in these two genes and their functional association with mitochondrial quality control provided further support to this concept.
The PARK2 gene encoding Parkin was first cloned in 1998, a year after a linkage analysis study showed that chromosome 6q contained an unidentified gene responsible for autosomal recessive juvenile Parkinsonism (AR-JP) (Matsumine et al., 1997; Kitada et al., 1998). Since then, many other studies have identified patients with early onset Parkinson’s disease who also possess PARK2 deletions or point mutations that cause protein loss of function (Hattori et al., 1998a; Hattori et al., 1998b). PARK2 encodes the 465 amino acid protein, Parkin (Kitada et al., 1998). Parkin itself is an E3 ubiquitin ligase; it contains an N-terminal ubiquitin-like (Ubl) domain and a C-terminal ubiquitin ligase domain (Hristova et al., 2009; Shimura et al., 2000). A role for Parkin in mitochondrial quality control was first observed in loss-of-function studies in Drosophila melanogaster in the early 2000s (Greene et al., 2003). Since then, its role in mitophagy, a form of mitochondrial quality control involving the selective lysosomal degradation of damaged mitochondria, has been well established both in healthy cells and Parkinson’s disease patient cells carrying mutations in Parkin. In particular, the mutation R42P is one of the most common Parkin mutations affecting patients with autosomal-dominant early-onset Parkinson’s disease. Mutation at this position in its Ubl domain substantially reduces the stability of the protein, causing complete unfolding of the Ubl domain and subsequently Parkin is degraded (Safadi and Shaw, 2007). 
Shortly after the discovery of PARK2 mutations in early-onset recessive Parkinson’s disease, a second gene, on chromosome 1, was linked to the same disease (Valente et al., 2001; Valente et al., 2002). These mutations were found in the PARK6 gene; patients had symptoms that were similar to those of patients with sporadic forms of Parkinson’s disease (Bentivoglio et al., 2001). PARK6 encodes the 581 amino acid protein phosphatase and tensin homolog (PTEN)-induced kinase 1 (PINK1) (Valente et al., 2004). Its predicted N-terminal mitochondrial localisation sequence supported previous evidence of an involvement of mitochondrial dysfunction in the Parkinson’s disease pathogenesis.
PINK1 is a mitochondrial serine/threonine protein kinase that is expressed widely in the brain, including the substantia nigra, but also in other tissues throughout the body (Gandhi et al., 2006). Several studies have sought to identify the biological function of PINK1 to establish its role in both health and disease in order to develop potential therapies for the treatment of Parkinson’s disease. The majority of PINK1 mutations associated with Parkinson’s disease are located within the kinase domain, suggesting that loss of PINK1 kinase activity is responsible for disease onset (Kumar et al., 2017). Many of the earlier studies linked PINK1 to a protective role against oxidative stress. Reactive oxygen species (ROS) form as a by-product of ATP synthesis in which oxygen is consumed in the electron transport chain. A small proportion of this oxygen is converted into ROS (Westermann, 2008). If the levels of ROS increase too much, or the ability of the cell to eliminate them (antioxidant capacity) is impeded, it can cause DNA damage as well as damage to other proteins, causing oxidative stress (Zhou et al., 2008). For a more detailed overview of oxidative stress, see 1.1.4.1. 
The view that PINK1 plays a protective role in oxidative stress came from early cell culture studies in which PINK1-deficient cells were shown to be more susceptible to cell death following exposure to mitochondrial toxins (Deng et al., 2005; Haque et al., 2008). Furthermore, overexpression of PINK1 was also shown to protect cells against death mediated by mitochondrial toxins, but only in its wild-type form and not when a Parkinson’s disease associated mutation was introduced, or a kinase inactivating mutation (Haque et al., 2008).
Since then, it has been established that PINK1 and Parkin function together to mediate the autophagic degradation of mitochondria, termed mitophagy (see 1.5 for a detailed review), explaining their protective roles in oxidative stress.  Initial evidence that these two proteins worked together to mediate mitophagy came from studies in Drosophilla. In one study it was observed that Drosophilla lacking Parkin or PINK1 displayed similar mitochondrial defects (Clark et al., 2006; Park et al., 2006). In addition, PINK-1 knockout phenotype was rescued by Parkin overexpression, however, Parkin knockout phenotype was not rescued by overexpression of PINK1, indicating that PINK1 acts upstream of Parkin. To further build upon this, it was shown that Parkin translocation to the impaired mitochondrial membrane requires expression of PINK1 and, more specifically, its kinase activity (Matsuda et al., 2010; Narendra et al., 2010). These studies uncovered a mechanism in which PINK1 is stabilised on the mitochondrial membrane following depolarisation of the mitochondria, allowing recruitment of Parkin and subsequent ubiquitination of numerous mitochondrial membrane proteins. This ubiquitination of mitochondrial membrane proteins recruits other proteins to the mitochondria to induce mitophagy (Narendra et al., 2008; Geisler et al., 2010). 
Both proteins have proved to be highly important in the quality control of healthy mitochondria, preventing build-up of oxidative stress through removal of damaged mitochondria that may be contributing to higher levels of reactive oxygen species (ROS). Failure of initiating mitophagy by these proteins can be detrimental to the cell and, as seen in dopaminergic neurons of the substantia nigra, can lead to cell death and the onset of Parkinson’s disease. 

[bookmark: _Toc45731430]1.1.4 Molecular mechanisms of Parkinson’s disease
Parkinson’s disease is a multifactorial disease involving both genetic and non-genetic factors. Much of the work on PD has been to uncover the cellular and molecular mechanisms of neuronal cell death and substantial progress has been made in these areas. It is widely accepted that oxidative stress, mitochondrial dysfunction and neuroinflammation are major contributors of neurodegeneration of the dopaminergic neurons in the substantia nigra of Parkinson’s disease patients (Hwang, 2013). Often, these mechanisms are interlinked to produce an overall damaging effect leading to neuronal cell death. As well as these factors, it has emerged that excessive iron load may contribute to the molecular mechanisms underpinning dopaminergic cell death in the substantia nigra and together, these factors burden this neuronal population with a vulnerability and susceptibility to neurodegeneration (Funke et al., 2013). 
[bookmark: _Toc45731431]1.1.4.1 Oxidative stress
Oxidative stress is a state of imbalance between the production and/or accumulation of ROS (free radicals), and the ability of the cell to defend itself through antioxidant defence mechanisms. A reactive oxygen species is a free radical and is defined as an oxygen-containing molecule that has one or more unpaired electrons, making it highly reactive. In healthy cells, ROS play important roles as a secondary messenger in several signalling cascades (Dröge, 2002). If levels reach a high threshold, they can cause damage to DNA, proteins and lipids, causing widespread damage and cell death. Fortunately, there are mechanisms to prevent this in the form of enzymatic and non-enzymatic antioxidants. Antioxidants scavenge free radicals and convert them to more stable species. For example, enzymatic antioxidants contain a transition metal core that transfer electrons to the reactive oxygen species in the detoxification process. The best example of this is superoxide dismutase that catalyses superoxide radical (O2•−) to hydrogen peroxide (H2O2) to be broken down to water. This ROS is the most common type under aerobic conditions, with its primary source being the mitochondria; about 1-2% of molecular oxygen consumed in the respiratory chain is converted in to superoxide radicals (Cadenas and Davies, 2000). In itself, O2•− is relatively stable, however, once it undergoes dismutation to H2O2, the H2O2 molecule can interact with additional O2•− or, through a catalytic reaction involving Fe2+, can generate the highly reactive hydroxyl radical, OH-.
Despite the presence and action of antioxidant defence mechanisms, in extreme cases the increase in ROS, as a result of increase in production or a decrease in clearance, can burden the cell and lead to cell death. Since mitochondria are the most predominant sources of ROS, they are therefore a target for the damaging effects of ROS. One of the targets for ROS damage is mitochondrial DNA (mtDNA), due to its close proximity to the electron transport chain - the region of excessive ROS generation. The mtDNA encodes for important proteins which are necessary for the proper functioning of the respiratory electron transport chain. ROS are capable of damaging DNA through various modifications of either the individual purine/pyrimidine bases and/or the deoxyribose backbone, as well as through single and double strand breaks. The instability and damage to mtDNA can lead to disruption of electron transport and ATP production, which may result in cell death (Miyoshi et al., 2006). ROS accumulation and oxidative stress can be a natural consequence of aging, however they have been linked to a number of diseases, including reperfusion after ischemia, cancer and neurodegenerative diseases, in particular Parkinson’s disease (Misra et al., 2009; Kim et al., 2015).
As well as the mitochondria as a source of ROS, an unfortunate consequence (amongst its important functions) of the presence of dopamine in neurons is that it can cause oxidative stress, creating a huge problem for dopaminergic neurons in the brain. Dopamine is usually stored in vesicles, however excess dopamine in the cytosol can be readily oxidised to produce dopamine quinone. Monoamine oxidase (MAO) is an enzyme that is localised to the outer mitochondrial membrane and catabolises cytosolic dopamine to the more reactive dopamine form, dopamine quinone, in the case of excessive cytosolic dopamine (Zucca et al., 2014). This reactive dopamine species is capable of modifying a vast set of proteins linked with Parkinson’s disease, including α-synuclein and Parkin. It has been shown that modification of α-synuclein monomers by dopamine quinone promotes their conversion to cytotoxic protofibrils (Conway et al., 2001). Protofibrils and other cytotoxic oligomeric forms of α-synuclein can make pores in the cell membrane, causing further oxidative stress, neuroinflammation and eventually cell death (Volles and Lansbury, 2002; Marques and Outeiro, 2012). 
In addition to dopamine itself being an active contributor to oxidative stress, the process by which it is metabolised has also been proposed as a source of ROS (Segura‐Aguilar et al., 2014). Some enzymes that carry out dopamine metabolism, such as MAO, produce H2O2 as a by-product of their activity (Coyle & Puttfarcken, 1993). Therefore, the nature of dopamine itself as well as dopamine handling in the cell can produce potentially harmful ROS that can contribute to elevated levels of oxidative stress.
Another source of ROS in dopaminergic neurons is the presence of reactive iron stored in neuromelanin. Most iron in the cell binds to neuromelanin, for storage, at high-affinity binding sites. At high concentrations of iron, the low-affinity sites will become occupied with iron but remains in its active form, where it can catalyse the production of highly toxic hydroxyl radicals through a process that is discussed in more detail in 1.1.4.4. Furthermore, in concurrence with the production of H2O2 species as a result of MAO activity, high levels of iron seen in Parkinson’s disease patients causes an additional burden on dopaminergic neurons; the H2O2 produced can be processed again into hydroxyl radicals through the action of Fe2+.
Finally, another major source of ROS is through the inflammatory response, known as neuroinflammation. Although it is a subject of much debate concerning whether it is a cause or result of oxidative stress, it is clear that the two can go hand in hand. Indeed, protein aggregates and cell debris, produced as a result of oxidative stress, trigger inflammatory responses from surrounding microglia which produce ROS to intensify levels of oxidative stress and this will be discussed further in 1.1.4.3.
Oxidative stress is regarded as a major cause of cell death in dopaminergic neurons of the substantia nigra in both familial and sporadic cases of Parkinson’s disease (Hwang, 2013). It is apparent that this neuronal population have certain features that increase their vulnerability to oxidative stress, through mitochondrial dysfunction, neuroinflammation and iron overload, which eventually can lead to neuronal degeneration involving cell loss. 
[bookmark: _Toc45731432]1.1.4.2 Mitochondrial dysfunction
Mitochondria are often referred to as the powerhouse of the cell, owing to their ability to generate ATP. They are a major ancient endomembrane system in eukaryotic cells, arising more than 1 billion years ago from the engulfment of an α-proteobacterium by a primordial eukaryotic cell (Roberts, 2017). As such, the mitochondria are double membrane organelles, having acquired a second outer membrane upon engulfment into the cell. During evolution, most of the genomic material of the α-proteobacterium progenitor was either lost or transferred to the nuclear genome, leaving approximately 16kb of mitochondrial DNA (mtDNA) (Gabaldón and Huynen, 2004). 
Although mitochondria are multifunctional organelles, their ability to produce and store ATP is arguably their most well-known and important function. The mitochondria achieve this through a specialised series of transport proteins in what is referred to as the electron transport or respiratory chain. The inner mitochondrial membrane (IMM), a heavily convoluted structure known as cristae, contains many copies of the respiratory chain components; oxidative phosphorylation (OXPHOS) complexes I-IV and ATP synthase. Collectively, these make up the respiratory chain machinery. Briefly, complexes I-IV work to create an electrochemical proton gradient through movement of electrons across the chain. This proton gradient is utilised by ATP synthase to produce ATP via oxidative phosphorylation. 
The ability of the cell to rapidly adapt to changing metabolic needs is essential for normal cellular function; any compromise to this and the cell can be more susceptible to stressors, such as oxidative stress. The mitochondria are capable of doing this efficiently by fusion of individual mitochondria into dynamic networks in response to an increase in demand, or through fission and mitophagy of superfluous mitochondria in response to a decrease in energy demand. Aberrant mitochondrial function is an accepted pathogenic mechanism in certain forms of Parkinson’s disease, particularly in familial cases associated with mutations in genes that encode the mitochondrial proteins DJ-1 and PINK1 (Abou-Sleiman et al., 2006). Initial indications that mitochondrial dysfunction was involved in Parkinson’s disease came in the early 1980’s following cases of progressive and irreversible cases of parkinsonism after recreational use of a drug; a meperidine analog that was used intravenously (Davis et al., 1979; Langston et al., 1983). The neurotoxic compound generated as a by-product of the meperidine analog synthesis was found to be MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine). This was the first indication that exposure to an environmental agent could produce an irreversible form of Parkinson’s disease. It was observed in these patients, who had later developed parkinsonism, the substantial degeneration of the substantia nigra pars compacta with no evidence of Lewy body pathology and was again seen in non-human primates treated with the same drug (Davis et al., 1979; Varastet et al., 1994). Shortly after this discovery, the molecular mechanism of MPTP-induced neurotoxicity was uncovered and it was shown that, after entry across the blood-brain barrier, MPTP is oxidised to the toxic species, MPP+ (1-methyl-4-phenylpyridinium) and is taken up into dopaminergic neurons via the dopamine transporter (Javitch et al., 1985). Once inside the neuron, MPP+ localises within the mitochondria where it inhibits complex I of the respiratory transport chain (Nicklas et al., 1985; Ramsay et al., 1986). As a result of the disruption to the movement of electrons through the electron transport chain, the rate of ATP production is decreased which causes increased intracellular calcium concentration, excitotoxicity and an increase in the rate of ROS production, in particular superoxide radicals, causing cellular damage (see 1.1.4.1) (Nicklas et al., 1985; Donate Di Monte et al., 1991). 
The pathway in which mitochondrial production of ROS leads to cell death is becoming increasingly mapped out. The oxidative stress caused by increased mitochondrial ROS production promotes the expression of the pro-apoptotic protein Bax which localises to the outer mitochondrial membrane (OMM). Here, it interacts with BH3 death domain proteins to promote its own membrane integration, oligomerization and permeablisation of the OMM, allowing release of intermembrane proteins such as cytochrome c. Release of cytochrome c into the cytosol activates the caspase cascade of protease activities that mediate apoptotic cell death. To exacerbate the problem, loss of mitochondrial cytochrome c stimulates mitochondrial free radical production, to further promote the pathway through a feedforward loop. Furthermore, as well as blockade of ATP production leading to ROS generation, prevention of mitochondria from being properly disposed can also lead to elevated ROS levels, most notably through disruption of mitophagy in Parkinson’s disease patients carrying mutations in either PINK1 or Parkin.
The role of mitochondrial dysfunction in Parkinson’s disease is not limited to environmental factors and inhibition of the respiratory transport chain. In familial cases of Parkinson’s disease, mutations in SCNA, LRKK2, Parkin, PINK1 and DJ1 all have impacts on mitochondrial dysfunction that ultimately lead to oxidative stress and cell death, as described above. These mutations are heavily associated with an increase in oxidative stress, specifically in the dopaminergic neurons of the substantia nigra (Blesa et al., 2015). In transgenic mice expressing the A53T mutant α-synuclein, oxidative stress is increased due to inhibition of the mitochondrial complex I, suggesting that α-synuclein aggregates are able to interfere with mitochondrial ATP production, generating an increase in ROS production (Chinta et al., 2010). In its monomeric form, α-synuclein can improve ATP synthase efficiency, whilst in its aggregated state, α-synuclein oligomers are able to induce oxidation of ATP synthase and impair respiration (Ludtmann et al., 2018). As a double-edged sword, recent reports have shown that oxidative stress itself can exacerbate α-synuclein aggregation, further amplifying the toxic effects (Scudamore and Ciossek, 2018).
Whilst mitochondrial dysfunction and oxidative stress may be present in cells throughout the body, it is likely that dopaminergic neurons of the substantia nigra that degenerate in Parkinson’s disease are made vulnerable due to several factors influencing their fate, including mitochondrial dysfunction, iron overload and neuroinflammation. 
[bookmark: _Toc45731433]1.1.4.3 Neuroinflammation
The term neuroinflammation describes the centralised inflammatory response within the brain and spinal cord. Microglia and astrocytes within the central nervous system (CNS) play key roles in mediating neuroinflammation, which can be a response to disease, injury, infection or stress. Under basal conditions, microglia have an immune surveillance role and mediate innate immune responses to pathogens though the secretion of cytokines, chemokines, secondary messengers and ROS. Although these mediators are attempting to prevent further damage, and in some cases they aid nervous system repair and enhance synaptic plasticity, they may be toxic to neurons and other glia by enhancement of oxidative stress and triggering apoptotic cascade events (Di Filippo et al., 2008). Therefore, it is essential for pro- and anti-inflammatory responses to be properly balanced to prevent prolonged inflammation-induced oxidative stress, in particular to vulnerable neuronal populations such as the dopaminergic neurons in the substantia nigra.
A neuroinflammatory response begins when a stimulus, such as damaged cells in the case of injury, elicits a response in microglia. Microglia, once active, release neuroinflammatory cytokines (e.g., IL-1β, TNFα, and IL-6), chemokines (CCL2, CCL5, CXCL1), secondary messengers (e.g., NO and prostaglandins) and ROS (Smith et al., 2012; Norden et al., 2016). 
Several lines of evidence support the claim that neuroinflammation is involved in the development of Parkinson’s disease. Evidence first came from post-mortem studies which identified the presence of reactive microglia in the substantia nigra pars compacta of Parkinson’s disease patient brains, suggesting a role for neuroinflammation in Parkinson’s disease pathogenesis (McGeer et al., 1988). 
The major question thus far is whether neuroinflammation is a consequence or cause of neuronal cell loss of the dopaminergic neurons in the substantia nigra.  Indeed, neuroinflammation has been shown to be a consequence of neurons that have already undergone cell death. The release of protein aggregates (namely α-synuclein) and cell debris, as a result of oxidative stress, induces an inflammatory response in microglia. NADPH oxidase (NOX2) is a crucial enzyme in inflammation regulation and becomes activated in response to stimuli such as α-synuclein aggregation. As a result of NOX2 activation in microglia, leading to the production and release of toxic products such as ROS which further exacerbates oxidative stress levels in the dopaminergic neurons, leading to cell death (Surace and Block, 2012). Interestingly, microglia lacking NOX2 fail to produce neurotoxicity in response to MPTP and mice lacking NOX2 are less sensitive to dopaminergic degeneration induced by pesticides (Gao et al., 2003; Zhang et al., 2004). The involvement of neuroinflammation certainly intensifies levels of oxidative stress and contribute to neuronal cell death. Here, its involvement can be both a consequence and a cause of cell death.
[bookmark: _Toc45731434]1.1.4.4 Iron metabolism and overload
Iron is an element that is naturally present in the brain and is required for normal function, including the regulation of dopaminergic neurotransmission and mitochondrial function. Iron in the dopaminergic neurons of the substantia nigra is essential for dopamine homeostasis and, in iron deficiency, has been shown to decrease dopamine uptake by reducing the activity of the dopamine transporter (DAT) and reduces the activity of the D2 receptor (Youdim et al., 1989; Bianco et al., 2008).
Iron metabolism is a tightly controlled process. Any iron that is absorbed from the diet or recycled from other cells is transported via the carrier protein, transferrin (Tf), which binds two ferric iron atoms (Fe3+). Iron import in most cells occurs through receptor-mediated endocytosis upon binding of the iron-bound transferrin to the membrane bound transferrin receptor 1 (TFR1), where it becomes internalised by receptor mediated endocytosis. Within the endosome, the low pH of ~6 causes the dissociation of iron from the transferrin bound-TFR1 complex. Free Fe3+ in the endosome is reduced to ferrous iron (Fe2+) by the ferric reductase six-transmembrane epithelial antigen of prostate 3 (STEAP3) (Ohgami et al., 2005). Fe2+ is then transported across the endosomal membrane by the divalent metal transporter 1 (DMT1) where it enters the cytosolic labile iron pool (LIP), which is available for immediate use, and the iron-depleted endosome fuses back with the plasma membrane. Ferrous iron can also be delivered to the mitochondria to support many functions, either via cytosolic chaperons (e.g., citrate) or through periodic ‘kiss-and-run’ fusion of iron containing endosomes with the mitochondria, although it appears that the mechanisms that deliver iron to the mitochondria are likely to be cell-type specific (Shvartsman et al., 2007; Sheftel et al., 2007;). Any excess iron that is not being immediately used is predominantly stored in Ferritin. Ferritin itself is composed of 24 subunits that come together to form a hollow sphere; the site of iron storage. This sphere is capable of storing up to 4500 iron atoms (Dunaief et al., 2014). The fate of iron not stored in Ferritin is exportation back to the blood circulation by Ferroportin (Fpn), an iron efflux protein (Ganz, 2005). This pathway is represented in the schematic in Fig 1.2.


[image: ]Figure 1.2 Schematic depicting the pathway of iron metabolism in the cell.
Iron is bound to Transferrin in its Fe3+ form, which binds the Transferrin receptor 1 (TfR1). Endocytosis of TfR1 causes dissociation of Fe3+ from the TfR1 complex, which can be recycled back to the membrane through exocytosis. Fe3+ is reduced to Fe2+ via STEAP3. Fe2+ exits the endosome via DMT1, either by fusing with mitochondria in a ‘kiss and run’ manner or entering the cytosolic liable iron pool (LIP). Iron is stored in ferritin in its Fe3+ form. When necessary, iron leaves the cell by the Ferroportin transporter.




In addition to its well-established role in oxidative phosphorylation for the production of ATP, a mechanism which neurons are heavily reliant on, mitochondria are key players in the metabolism of certain elements, in particular the metabolism of iron which is critical for cellular function and survival. As a result of its chemical properties, iron has unpaired electrons that are capable of donating and/or accepting electrons. Consequently, iron has many cellular functions, including energy metabolism, respiration and DNA synthesis. Mitochondria are able to synthesise iron-sulfur clusters (ISC) and heme prosthetic groups which are required throughout the cell for enzymatic or structural functions, including the mitochondria, endoplasmic reticulum and nucleus (Sheftel et al., 2010). Iron in the mitochondria can act as a co-factor for iron-sulfur cluster-containing proteins (NADH:Ubiquinone oxireductase; respiratory complex I, Rieske iron-sulfur protein and subunits of succinate dehydrogenase) and heme-containing proteins (cytochrome bc1, cytochrome c, cytochrome c oxidase and succinate dehydrogenase) all of which are involved in the electron transport chain (Paul et al., 2017). All of these processes are therefore reliant on the ability of the mitochondria to metabolise iron to synthesise ISCs/heme prosthetic groups and thus the consequences of mitochondrial dysfunction are not limited to the mitochondria itself.
On the other hand, the same reactive properties of iron oxidation and reduction that allow it to play key roles in a variety of cellular processes also mean that iron may potentially be involved in toxic reactions, such as the generation of ROS. One such harmful process is the Fenton reaction, involving the reaction between Fe2+ and H2O2 generating superoxide and hydroxyl ROS which contribute to oxidative stress in the cell (Winterbourn, 1995). Therefore, cells require mechanisms to control uptake, usage and detoxification of iron to correspond to the metabolic needs of the cell whilst minimising the risk of iron toxicity. This depends, in part, on mitochondrial function.
Mitochondria are faced with a problem of ROS generation by the very nature of the functions that the carry out, which include electron leakage during oxidative phosphorylation. To further exacerbate the problem, the influx of Fe2+ to be used in the synthesis of ISCs and heme synthesis pathways can generate more ROS through the Fenton reaction. To overcome this problem, mitochondria either need to immediately use Fe2+ or store excess iron. Storage is achieved through mitochondrial ferritin (FtMt), similar to cytosolic ferritin with the addition of a mitochondrial localisation sequence, which sequesters mitochondrial Fe2+ and oxidises and stores it in the less reactive Fe3+ form. Human cell lines were treated with H2O2 to induce ROS production; in cells that were over-expressing FtMt, a reduction in ROS production and enhanced cell viability was seen when compared to control, indicating that FtMt has an anti-oxidant role through sequestering Fe2+ before it can catalyse ROS generation (Campanella et al., 2009). 
Brain iron levels have been observed in both port-mortem analysis and MRI using susceptibility-weighted imaging of Parkinson’s disease brains, which have consistently found an increase in iron deposition in the substantia nigra of Parkinson’s disease patients compared to healthy controls and has been suggested to correlate with disease severity (Dexter et al., 1989; Riederer et al., 1989; Wang et al., 2016). Furthermore, post-mortem studies have shown an increase in iron levels specifically in dopaminergic neurons in Parkinson’s disease, but not in other movement disorders such as Huntington’s disease (Oakley et al., 2007). In neuronmelanin-containing neurons of the substantia nigra pars compacta (SNpc) in Parkinson’s disease patients, iron levels were found to be increased which lead to the hypothesis that iron-melanin interaction contributed to the neurodegeneration of dopaminergic neurons in the SNpc (Zucca et al., 2017). Although iron accumulation in the brain is a feature of aging, such deposition has been reported to be exacerbated in neurodegenerative disorders such as Parkinson’s disease. Interestingly, it has been observed that degeneration of neurons occurs in the SNpc, whilst other iron-rich regions remain unaffected. Total iron levels were increased by 176%, in particular ferric iron levels were increased by 225% in the SNpc of Parkinson’s disease patients compared to age-matched controls (Sofic et al., 1988). In addition, in a separate study, it has been possible to confirm by electron probe x-ray microanalysis that individual substantia nigra dopaminergic neurons in PD have raised iron levels (Oakley et al., 2007). This emphasises the toxic relationship between dopamine and iron; not only does iron take part in toxic reactions, such as the Fenton reaction, to produce ROS, but it also reacts with H2O2 produced as a by-product of dopamine metabolism, generating more ROS. Thus, the two together can be a fatal combination, causing a vulnerability to cell death in dopaminergic neurons in Parkinson’s disease (Hare and Double, 2016).
[bookmark: _Toc45731435]1.1.5 Parkinson’s disease treatments
Since the discovery of Parkinson’s disease, treatment of the disease has presented a huge challenge within the research community. The success of drug discovery has been somewhat limited by the models of the disease, which initially utilised acute-toxin induced rodent Parkinson’s disease models that failed to translate into any clinically successful drugs. Currently, there are no disease-modifying treatments for Parkinson’s disease. The discovery that dopamine loss was a Parkinson’s disease characteristic, in 1960, lead to the logical use of intravenous levodopa (L-Dopa) therapy, the precursor for dopamine, which restores the striatal dopamine concentration and leads to substantial improvement of motor functions in Parkinson’s disease patients, remaining the gold standard even years later (Birkmayer and Hornykiewicz, 1961). 
Since then, the focus has also been predominantly on the motor symptoms of the disease, with many of the drugs being administered in conjunction with L-Dopa as a way to mitigate some of the later side-effects that L-Dopa can produce in patients and to extend the effects of L-Dopa, such as inhibitors of enzymes that metabolise dopamine. These drugs, however, do not alter the progression of the disease itself and do not treat non-motor symptoms. Despite this, they have proven themselves significantly beneficial to the majority of patients, particularly in early stages of the disease, when it comes to the motor symptoms.

[bookmark: _Toc45731436]1.1.1.5 Current treatments
Levodopa is the blood-brain barrier permeable precursor of dopamine and is the most common drug of choice in the symptomatic treatment of Parkinson’s disease. Despite it being used for the last 50 years, it is still the most effective available drug associated with improvement in motor functions. Once across the blood-brain barrier, L-Dopa is able to enter the dopaminergic neurons where it can undergo decarboxylation by the enzyme aromatic L-amino acid decarboxylase (AADC) to form dopamine, to replace what has been lost. However, despite its effectiveness in improving motor symptoms, L-Dopa therapy is associated with adverse motor complications with longer term use, including motor fluctuations (periods of ‘on’ and ‘off’ motor functions) as well as dyskinesia characterised by erratic involuntary movements (Jankovic, 2005). Oscillations in motor functions are due to the L-Dopa pulsatile plasma profile, whose plasma half-life is between 1-2 hours. As the disease progresses, the storage capacity of the central nervous system (CNS) for L-Dopa declines, and the duration of the L-Dopa effects mimic the pulsatile plasma profile of the drug. This causes motor oscillations between phases of akinesia (no or little L-Dopa in CNS) and normal movement (therapeutically effective L-Dopa levels) in addition to dyskinesia at the peak of L-Dopa in the blood and CNS. These complications are observed in the majority of patients having treatment with L-Dopa and in as many as one-third of patients after only two years of treatment (Parkinson Study Group, 2000). These motor complications are difficult to treat and can lead to disablement, counteracting the beneficial effects of the drug initially. As a result, current treatments aim to reduce or delay these L-Dopa induced motor complications through combination therapies. These include the use of peripheral inhibitors of either the degrading enzyme L-Dopa-decarboxylase (e.g., carbidopa) or the degrading enzyme catechol-O-methyl transferase (COMT) (e.g., entacapone). In addition, combination therapies with centrally active inhibitors of the degrading enzyme monoamino-oxidase B (MAO-B) (e.g., selegiline) are also available. 
In addition to combination drug therapies with L-Dopa, surgical therapies have become attractive for the treatment of Parkinson’s disease due to its more continuous mode of delivery which reduces the “on-off” motor disturbance effect and dyskinesia seen with L-Dopa therapy. Deep brain stimulation (DBS) is the most preferred choice of surgical therapy when careful assessment of appropriate patients has been conducted. DBS involves implanting programmable electrodes within the brain, typically in the subthalamic nucleus (STN) and bilaterally to alleviate motor symptoms on both sides of the body (Alegret et al., 2001; Kleiner-Fisman et al., 2003). Stimulation of the dorsolateral motor portion of the STN specifically has been shown to yield good improvements in motor function (Herzog et al., 2004). The electrodes are connected to a stimulator placed subcutaneously below the clavicle via extension wire. When switched on, the electrodes deliver high frequency stimulation to the target area. In the case of the STN, this controls basal ganglia function and therefore motor control. The STN has efferents to the basal ganglia comprising of glutamatergic neurons that innervate the globulus pallidus, substantia nigra and striatum. Most STN-substania nigra projections innervate the pars reticulate (SNpr), however there are also excitatory neurons that innervate the dopaminergic neurons of the SNpc and thus able to regulate dopamine release and reduce the imbalance in the motor circuitry of the basal ganglia (Rodriguez et al., 1998). In addition to targeting of the STN, the globulus pallidus interna (GPi) is also a target for DBS. In one study comparing the effectiveness of STN-DBS and GPi-DBS, there was no significant difference between the two groups for motor function outcome (Okun et al., 2009). However, GPi-DBS does not allow for a reduction in medication like STN-DBS does and therefore, amongst other reasons, it is not the preferred target (Volkmann et al., 1998).
However, despite the encouraging success of both drug therapies and surgical therapies discussed, ultimately these are symptomatic treatments and are not preventative. At best, they reduce motor-symptoms for several years but offer little to no alleviation of cognitive and other non-motor symptoms. As the disease progresses, and as a result of off-target effects of L-Dopa therapy, more non-motor symptoms appear and include autonomic dysfunctions (urinary incontinence), depression, sleep impairment, hallucinations and cognitive impairment leading to dementia (Young et al., 1997; Martínez-Fernández et al., 2016). There are treatment options available for the non-motor symptoms which are predominantly compounds used to treat a particular disease, for example using an anti-depressant already available for the treatment of depression. More recent advances in Parkinson’s disease treatment are beginning to focus on not only symptomatic treatment (of both motor and non-motor symptoms) but also on disease modification through identification of the causes of Parkinson’s disease. 
One example of a promising therapy, which has been somewhat controversial over the years, is the use of stem cells as a way of replacing the lost dopaminergic neurons within the SNpc in Parkinson’s disease patients. In initial studies using human fetal ventral mesencephalic cells as a source of dopamine neurons, whilst these cells could survive and function, patients saw little to no improvement in motor functions (Lindvall et al., 1989). Following from this, improvements were made to the volume of tissue grafted and the gestational age of the tissue, resulting in a significant clinical benefit in patients. After 8-12 months, a 68% increase in 6-L-[18F]-flurodopa uptake was seen in the grafted putamen and, in one patient, L-Dopa medication was stopped after 32 months (Wenning et al., 1997). Despite this promising study, it should be noted that in 11% of grafted neurons, Lewy body pathology was seen in post-mortem analysis of one patient brain who had undergone human embryoninc mesencephalic cell grafting 24 years previous (Wen Li et al., 2016). Therefore, despite recent advancements in stem cell based therapies with the use of induced-pluripotent stem cells (iPSCs), this cell based therapy may be limited by our ability to prevent disease progression in the surrounding cell types and other tissues. We therefore need to identify ways in which we can reduce or prevent the factors involved in Parkinson’s disease pathogenesis discussed in 1.1.4, namely oxidative stress, mitochondrial dysfunction and iron overload. The use of therapies to prevent the pathogenesis of Parkinson’s disease, preferably together with stem cell therapies to replace lost dopaminergic neurons may provide the key to a successful cure for Parkinson’s disease in the future.

[bookmark: _Toc45731437]1.1.5.2 Deferiprone as a potential treatment for Parkinson’s disease
In recent years, research and drug development have focused on targeting Parkinson’s disease pathogenesis as a way to halt or slow down progression of the disease, rather than taking the conventional symptomatic approach. As a result, there are now several studies that have yielded promising potential treatments which are now either in clinical trials or at the pre-clinical stage. These drugs aim to treat the underlying cause of Parkinson’s disease. For example, MSDC-0160, a drug originally developed to treat type-2 diabetes, has been shown to slow down disease progression in mouse Parkinson’s disease models of Parkinson’s disease (Ghosh et al., 2016). The drug can improve mitochondrial function and has been shown to have anti-inflammatory effects; two of the key contributors to the pathogenesis of Parkinson’s disease are mitochondrial dysfunction and neuroinflammation, as discussed in 1.1.4.
In addition, there is increasingly more interest in the role of iron overload in Parkinson’s disease and how an effective treatment could be developed. As discussed previously (1.1.4.4), Parkinson’s disease is associated with increased levels of iron in the substantia nigra, which can cause oxidative damage to DNA, proteins, lipids and organelles such as mitochondria through production of ROS. The use of iron chelators as a way to reduce free iron levels in the cell could be of therapeutic benefit by halting the progression of the disease. A number of iron chelating drugs, including deferiprone, desferrioxamine and deferasirox have proven effective in their iron chelating abilities and, importantly, their abilities to cross the blood-brain barrier and are currently in various stages of pre-clinical or clinical trials for tor the treatment of transfusion-induced iron overload in thalassemia and, for deferiprone, Parkinson’s disease (Chaudhary and Pullarkat, 2013; Fine et al., 2014; Martin-Bastida et al., 2017). All three significantly diminished substantia nigra dopaminergic neuronal loss and striatum dopamine loss in a rat model of Parkinson’s disease, as well as preventing the generation of hydroxyl radicals (Dexter et al., 2011).
One interesting feature about deferiprone (DFP), in addition to its neuroprotective capabilities through reduction of irons levels and hydroxyl radicals, is its ability to induce mitophagy (Allen et al., 2013). DFP is a hydroxyketone derivative bidendate chelating agent which chelates free trivalent iron cations (Fe3+) in a 3:1 (DFP:iron) ratio. As well as powerful chelator in the reduction of iron levels in the substantia nigra in animal models of Parkinson’s disease, DFP is currently in clinical trials in Parkinson’s disease patients for the reduction of iron levels (Devos et al., 2014; Martin-Bastida et al., 2017).
Whilst it is known that DFP can induce mitophagy, the mechanism through which it achieves this remains unclear, although it appears to be PINK1/Parkin-independent, where, in a human model cell line lacking Parkin, DFP was able to induce mitophagy (Allen et al., 2013). This discovery sparked an interest into the potential therapeutic benefits of DFP, particularly in patients with PINK1 or Parkin mutations who may therefore have defects in the conventional mitophagy pathway (an outline of mitophagy can be found in 1.3.2).
Deferiprone has the potential to be the first disease modifying treatment available to Parkinson’s disease patients, not only through treating the motor symptoms though slowing down the progression of the disease, but also targeting of the non-motor symptoms such as memory deficits, making it a highly attractive and unique drug. (Alcalde et al., 2018). It is therefore important to Parkinson’s disease research to understand the mechanisms of this drug.
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[bookmark: _Toc45731439]1.2.1 Outline of SUMOylation
Post-translational modifications (PTMs) can have a substantial impact on protein activity, localisation and interactions within the cell. Since its discovery in the 1990s, SUMOylation has been identified as having crucial roles in important cellular processes, including cell cycle progression, DNA replication/repair, cell stress response, cell migration and signal transduction and is now established as a key regulatory protein modification in eukaryotic cells (Nacerddine et al., 2005; Enserink, 2015; Sarangi and Zhao, 2015). The process of SUMOylation involves the conjugation of a Small Ubiquitin-like modifier (SUMO) protein to specific lysine residues of a target protein, made transient through the action of deSUMOylation enzymes. In addition to its roles in normal biological functions, SUMOylation has also been associated with several diseases in particular; cancer, cardiac disease and neurodegenerative diseases, specifically Huntington’s disease, Alzheimer’s disease and Parkinson’s disease (Yang et al., 2017). 
[bookmark: _Toc45731440]1.2.2 SUMO proteins
SUMO proteins are a family of ubiquitin-like proteins that conjugate to specific lysine residues of many protein targets, having major impacts on their function and localisation. In the yeast Saccharomyces cerevisiae, one SUMO protein exists, Smt3, and its absence results in a loss of cell viability (Johnson et al., 1997; Dieckhoff et al., 2004). In most vertebrates and in humans, there are three SUMO paralogs that are validated for conjugation (SUMO-1–3), each encoded by distinct genes. Mature SUMO-2 and SUMO-3 are near identical (96% sequence identity), only differing by the last three N-terminal amino acids. As such, they are commonly referred to collectively as SUMO-2/3. Conversely, SUMO-1 only shares around 50% protein similarity to SUMO-2/3. However, despite the difference in protein similarity, upon conjugation, all SUMO proteins require the same E2 enzyme, Ubiquitin Conjugating 9 (Ubc9). A fourth SUMO paralog (SUMO-4) is also present in humans, whose mRNA appears to only be expressed in a limited number of tissues and organs, mainly the lymph, spleen and kidney, although endogenous SUMO-4 protein has not been detected (Kumar and Zhang, 2015). SUMO-4 has 86% sequence homology with SUMO-2/3, whose real function remains unclear because SUMO-4 contains a C-terminal proline that prevents its processing and conjugation to a lysine residue on target proteins (Owerbach et al., 2005; Wilkinson and Henley, 2010).
The SUMO modification is readily reversed by deSUMOylation enzymes; In humans this includes Sentrin/SUMO-specific proteases (SENPs), deSUMOylating isopeptidase 1 and 2 (DESI1/DESI2) and ubiquitin-specific protease like I (USPL1) (Drag and Salvesen, 2008; Shin et al.,2012). Hence, SUMOylation is a highly dynamic and usually transient modification that can be regulated at a number of different levels. Since its discovery in 1996, numerous proteins have been identified as SUMO substrates and dysfunction of SUMOylation is strongly implicated in a variety of diseases including Alzheimer’s disease, Parkinson’s disease and several types of cancer (Matunis et al., 1996). 
[bookmark: _Toc45731441]1.2.3 Protein SUMOylation pathway
SUMOylation involves the covalent attachment of a SUMO protein to specific lysine residues in target proteins via an enzymatic cascade described below. This pathway shares similar features with the ubiquitination pathway, however it remains functionally distinct from ubiquitination. The process of SUMOylation begins with the synthesis of an inactive SUMO precursor which must first undergo C-terminal cleavage, mediated by some members of the SENP family that possess protease activity. This cleavage activity is usually specific depending on the amino acid sequences of the C-terminal; SENP1 and SENP2 have both demonstrated processing activity in vitro, with SENP2 being most active on SUMO-2, followed by SUMO-1 and SUMO-3. SENP1 is most active towards SUMO-1 (Reverter and Lima, 2004; Reverter and Lima, 2006; Shen et al., 2006). Whether SENP3 has processing capabilities remains unknown, however SENP5 has been found to act similarly to SENP2, processing mainly SUMO-2 in vitro (Hickey et al., 2012). Interestingly, the isopetidate activity of SENP6 and SENP7 is almost absent, although some detectable levels were found for processing of SUMO-2 (Mikolajczyk et al., 2007). This cleavage is an extremely essential step as it removes the very C-terminal amino acid and exposes a di-glycine motif which allows SUMO to be conjugated to lysine residues of its target protein.
The next step in SUMO conjugation is ATP-dependent and involves the heterodimeric E1 SUMO-activating enzyme, consisting of SUMO activating enzymes 1 and 2 (SAE1 and SAE2) in mammals (Desterro et al., 1999). In this step, a thioester bond is formed between the active site cysteine residue of SAE2 and the C-terminal glycine residue of the mature SUMO. In the second step, SUMO is then transferred to the active site cysteine of the E2 conjugating enzyme Ubc9, forming another thioester bond (Johnson and Blobel, 1997). Interestingly, Ubc9 is the only known E2 conjugating enzyme in the SUMO pathway and knockout in mice is severely embryonic lethal (Nacerddine et al., 2005). Ubc9 transfers a SUMO to the target protein by binding to the SUMO consensus motif of the target protein, often in conjunction with a SUMO E3 ligase. This SUMO consensus motif – consisting of ψKXE (where ψ is a large hydrophobic residue and X is any amino acid) – is modified in ~75% of known SUMO substrates, however in roughly 25% of cases, SUMOylation occurs at non-consensus sites and not all consensus motifs are SUMOylated (Sampson et al., 2001; Xu et al., 2008).
Since Ubc9 is capable of recognising and SUMOylating many targets independently of E3 ligases in vitro, the requirement for E3 ligases in the SUMOylation pathway was initially an area of controversy. However, numerous proteins that possess E3 ligase activity in the SUMO pathway have since been reported and it is now accepted that E3 ligases play an important role in facilitating Ubc9, primarily with roles in scaffolding and target selection. In particular, SUMO E3 ligase activity has been demonstrated for two types of proteins, Siz/PIAS (SP) E3 ligases and the nucleoporin RanBP2. The Protein Inhibitor of Activated STAT (PIAS) family of proteins are the mammalian homolog of the yeast SUMO E3 ligase, Siz. The PIAS family consists of five members that have all been shown to possess SUMO E3 ligase activity (Schmidt and Muller, 2002). Similar to many other E3 ligase proteins, the Siz/PIAS proteins contain a Siz/PIAS-RING domain. These ligases bind Ubc9, their substrate proteins and, non-covalently, to SUMO which is consistent with them acting as a scaffold. Unlike the SUMO E2 ligase Ubc9, there are numerous SP-RING domain-containing proteins that function as SUMO E3 ligases with specific targets and subsequently different functions within the cell. In addition to the PIAS proteins, a number of other proteins have been reported to function as SUMO E3 ligases, such as TOPORS. Uniquely, TOPORS is the only reported SUMO E3 ligase that also functions as an E3 ligase for ubiquitin, suggesting a role in cross-talk between SUMOylation and ubiquitination (Rajendra et al., 2004). Since SUMOylation is a highly dynamic process, it is readily reversed through the action of deSUMOylation enzymes; some of these are the same enzymes required for the processing of pro-SUMO to its mature form. This process is outlined in Fig. 1.3.
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Figure 1.3 Conjugation pathway of SUMO. SUMO is processed by certain SENPs to expose a di-Glycine motif. Through an ATP-dependent reaction, a thioester bond is formed between SAE2 and the C-terminal glycine residue of SUMO. SUMO is transferred the E2 conjugating enzyme Ubc9. Next, either with or without of E3 ligase, Ubc9 conjugates SUMO with a target protein specific lysine residue. This process is reversed by the deSUMOylation enzymes belonging to the family of SENPs.

[bookmark: _Toc45731442]1.2.4 SUMOylation and disease
As discussed, SUMOylation is important for several key protein functions in the cell. In addition to this, the role of SUMOylation in the pathogenesis of several human diseases has also been explored in the last few years. In particular, proteins that play key roles in several age-related diseases, including cancer, heart disease and neurodegenerative diseases, are known to be SUMO targets (Zhang et al., 2017; Hung et al., 2019). In regard to the later, several proteins that are highly associated with Huntington’s disease (Huntingtin), ALS (SOD1), Alzheimer’s disease (tau, APP) and Parkinson’s disease (α-synuclein, DJ-1, Parkin) are known to be SUMOylated, which presents a close link between SUMOylation and the molecular mechanisms underpinning these diseases (Steffan et al., 2004; Fei et al., 2006; Luo et al., 2014; Guerra de Souza et al., 2016). Although these targets have been identified, the mechanisms and functional consequences of this SUMOylation remain largely unclear.
What is known, at least in Parkinson’s disease, is that there is a substantial increase in SUMOylation machinery. In particular, an increase in SUMOylated α-synuclein has been seen in Parkinson’s disease patient brains, indicating an important role for SUMOylation in Parkinson’s disease (Rott et al., 2017). Specifically, α-synuclein has been shown to be SUMOylated by both SUMO-1 (preferentially) and SUMO-2/3 in human cell lines, however in Parkinson’s disease brain SUMO-1 was found at the periphery of Lewy bodies co-localising with α-synuclein and thus may play a role in α-synuclein aggregation (Dorval and Fraser, 2006; Kim et al., 2011). This role has since been controversial, with one study suggesting that SUMOylation of α-synuclein reduces its ability to aggregate in a rat model, whilst another showed that its SUMOylation promotes its aggregation, although discrepancies may arise from use of different models, with the later study using a fibroblast cell model (Krumova et al., 2011; Oh et al., 2011). Further to this, impaired SUMOylation in yeast lead to an increase in α-synuclein inclusions, suggesting a protective role for SUMOylation (Shahpasandzadeh et al., 2014). Nonetheless, it appears that SUMOylation is having a direct impact on the molecular mechanisms that are involved in the pathogenesis of Parkinson’s disease.
[bookmark: _Toc45731443]1.2.5 Protein deSUMOylation 
Protein deSUMOylation is an essential part of the SUMO-conjugation regulatory pathway and can have a huge range of cellular impacts, much like SUMOylation itself. Balance between SUMOylation and deSUMOylation has been implicated in certain diseases, and its importance has been demonstrated in cell death following ischaemia, in which the balance of SUMOylation and deSUMOylation of the mitochondrial membrane protein, Drp1 (Dynamin-related protein 1), affects cell survival/death (Guo et al., 2013). SUMO can be removed from SUMOylated proteins by proteases belonging to the SENP family in humans. SENPs are a member of the CE clan of cysteine proteases and are distinct from deubiquitinating enzymes, which belong to the CA clan; the difference being primarily due to a domain swap during evolution (Drag and Salvesen, 2008). Their catalytic role in deSUMOylation involves the precise cleavage between the C-terminal glycine of a SUMO protein and its substrate lysine. SUMO proteases were first described in budding yeast (S. cerevisiae) when it was found they specifically processed the yeast SUMO homolog, smt3 (Li and Hochstrasser, 1999). This protease, named Ulp1 (Ubiquitin-like-specific protease 1), was later compared on a sequence database to others possessing a similar catalytic domain, leading to the discovery of a second budding yeast SUMO protease, Ulp2, and additional SUMO proteases in other organisms (Li and Hochstrasser, 2000). Subsequent studies have demonstrated the existence of six SENPs in humans and other mammals: SENP1-3 and SENP5-7, each containing a C-terminal catalytic domain. As well as having preference to which pro-SUMO they are involved in processing, SENP enzymes usually have distinct SUMO substrate specificity for their deconjugation. For instance, both SENP1 and SENP2 have deconjugation activity for SUMO-1 and SUMO-2/3, whereas SENP3 and SENP5 have specific activity for SUMO-2/3 deconjugation (Gong and Yeh, 2006). Similar to their SUMO processing endopeptidase activity, SENP6 and SENP7 have minimal isopeptidase activity in deconjugation of monomeric SUMOylated targets. However, they have been shown to edit poly-SUMO-2/3 chains (Shen et al., 2009). The existence of SENP8 has also been described, although it is not SUMO specific (Coleman et al., 2017). Moreover, three new SUMO proteases have been identified in humans. These include deSUMOylating isopeptidase 1 (DESI1), DESI2 and ubiquitin-specific protease like I (USPL1) although it was reported that the DESI1/2 enzymes recognised different targets from SENP enzymes (Schulz et al., 2012; Shin et al., 2012). 
The localisation of the different SENP enzymes are mainly in different portions of the nucleus, explaining their role in cell cycle progression and DNA damage/repair response. SENP1 contains an N-terminal nuclear localisation signal (NLS) and is found in the nucleoplasm, but not in the nucleolus (Bailey and O’Hare, 2004). SENP2 also contains an NLS sequence and is tethered to the nuclear pore through binding with Nup153 nucleoporin (Zhang et al., 2002). Despite their predominantly nuclear localisation, both SENP3 and SENP5 are localised within the nucleolus, but have all been demonstrated to act on substrates outside of the nucleus (Guo et al., 2013; Rawlings et al., 2019; Zunino et al., 2009). It should be noted that as well as nuclear import sequences, some SENPs also contain nuclear export sequences and are therefore highly dynamic enzymes whose localisation can be regulated by their import or export signals (Itahana et al., 2006). In addition, splice variants have been shown to allow targeting of SENPs to different regions; a truncation of the first 87 amino acids of SENP2, and a shorter variant of SENP7 have both been shown to induce their cytosolic localisation (Bawa-Khalfe et al., 2012; Jiang et al., 2011). Thus, SENPs should be regarded as dynamic enzymes whose localisation can be regulated by their combination of targeting sequences and splice variations under different conditions.

[bookmark: _Toc45731444]1.2.6 SENP3
[bookmark: _Toc45731445]1.2.6.1 Function of SENP3
SENP3 was first discovered in 2000 where it was found to be in the nucleolus of mammalian cells (Nishida et al., 2000). It is a 574 amino acid protein containing a characteristic C-terminal C48 peptidase domain. Cystine 532 of the catalytic domain has been shown to be necessary for the catalysis of the isopeptide bond between a SUMO protein and its substrate (Gong and Yeh, 2006). Typically, the focus of SENP3 research has mainly revolved around its roles within the nucleus, due to its predominant nucleolar localisation through interactions with the nuclear scaffold protein nucleophosmin (NPM1), which incidentally was then identified as a target for SENP3 deSUMOylation in ribosome biogenesis (Haindl et al., 2008). Numerous studies have aimed to elucidate the role of SENP3 in ribosome biogenesis, and it is now well established that SENP3 interacts with and deSUMOylates a plethora of proteins, leading to maturation of the ribosome. DeSUMOylation of PELP1 by SENP3, a member of a nuclear complex along with TEX10 and WDR18 involved in 28s rRNA maturation and subsequent nucleoplasmic transit of the 60S ribosomal subunit, prevents the nuclear partitioning of the PELP1/TEX10/WDR18 complex and controls ribosome maturation (Finkbeiner et al., 2011). In addition to its role in the nucleolus, there have been several reports of SENP3 acting on cytosolic proteins, particularly in relation to the cell stress response. In one recent example, SENP3 cytosolic protein levels were found to be decreased during ischemia in heart tissue, whilst nuclear SENP3 levels were increased, suggesting ischemia causes the relocation of SENP3 from the cytosol to the nucleus (Rawlings et al., 2019). These results demonstrate the importance of SENP3s cytosolic localisation and opens up the possibility of SENP3 as a cytosolic protein, at least in mediating response to cell stressors.
[bookmark: _Toc45731446]1.2.6.2 Role of SENP3 at the mitochondria
Although typically considered a predominantly nuclear protein, the possibility of SENP3 having cytosolic roles has recently emerged and several studies have identified cytosolic targets, including those that are at the mitochondria (Guo et al., 2013). Again, the role of SENP3 outside of the nucleus, and in particular at the mitochondria, appears to be orchestrating the response to some cell stressors, leading to cell survival/death depending on the balance between SUMO-2/3-ylation and deSUMOylation by SENP3. It is well-established that increases in SUMO-2/3-ylated substrates is neuroprotective, and SENP3 mRNA expression has been shown to be down regulated in aging and age related disease such as Alzheimer’s disease, possibly as a protective response against the build-up of aggregated proteins such as APP (Weeraratna et al., 2007). In response to cell stress, induced by an in vitro model of ischemia, SENP3 has been shown to be degraded and levels of SUMO-2/3-ylation increase as a result. However, upon re-oxygenation, SENP3 levels increase, in parallel with a decrease in SUMO-2/3-ylated substrates, eventually leading to release of cytochrome c from mitochondria. Cytochrome c is released from the mitochondria in response to pro-apoptotic stimuli and initiates a caspase cascade resulting in cell death (Riedl and Salvesen, 2007). Here, SENP3 acts through the mitochondrial fission protein Drp1, which, in its deSUMOylated state, localises to the mitochondria and causes cytochrome c release (Guo et al., 2013). Therefore, the balance of SENP3 levels in the cytosol appear to regulate response to cell stress and determines the balance between cell survival or apoptotic cell death through deSUMOylation of mitochondrial fission proteins, such as Drp1.
[bookmark: _Toc45731447]1.2.6.3 Regulation of SENP3
Since SUMOylation and its reverse modification, deSUMOylation, affects a huge number of cellular pathways, regulation of this PTM is of great importance. This can be achieved partly by regulating at the level of the mRNA, including transcriptional activation or repression as well as pre-mRNA splicing, which as discussed earlier, is highly relevant to SENPs and is capable of governing their cellular distribution through splicing of nuclear import and export sequences (Liu and Shuai, 2008). In addition to these mechanisms of regulation, SENPs can be regulated through ubiquitination by E3 ubiquitin ligases and subsequent degradation by the ubiquitin-proteasome system (UPS).
Normally, SENP3 is continuously ubiquitinated by the C-terminus Hsc70-interacting protein (CHIP), under basal conditions (Yan et al., 2010). CHIP belongs to the family of U-box E3 ligase. However, mild oxidative stress can protect SENP3 from degradation via association of the chaperone heat shock protein 90 (Hsp90) with SENP3. Upon mild oxidative stress, SENP3 undergoes oxidation, of significance is oxidation of cysteines 243 and 274. These residues, in their oxidised state, act as a signal to recruit Hsp90, preventing ubiquitination by CHIP and thus stabilising SENP3 levels. This stabilisation can lead to the accumulation of SENP3 in the nucleoplasm, allowing access to additional substrates outside of the nucleolus (Huang et al., 2009). Following this, it has also been established that the relocation of CHIP from the cytosol to the mitochondria during oxidative stress is essential in neuronal mitochondrial stress signalling (Palubinsky et al., 2015). Regulation of SENP3 through E3 ubiquitin ligases can therefore have a vast impact on cellular functions, which in some cases can affect access to different substrates. 
Interestingly, a number of studies have shown the interaction between CHIP and Parkin, an E3 ubiquitin ligase implicated in autosomal-recessive Parkinson’s disease and it has been suggested that these two ligases can share common ubiquitination targets (Chen et al., 2017; Lizama et al., 2018). Other studies have also reported that CHIP and Parkin form E3 multiprotein complexes to ubiquitinate their targets, however it is not known whether CHIP and Parkin share SENP3 as their common target, and if so, whether Parkinson’s disease causing mutations affect this interaction (Imai et al., 2002). 
[bookmark: _Toc45731448]1.3 Autophagy 
Autophagy is a conserved self-degradation pathway that occurs in all eukaryotic cells in which cytoplasmic contents are delivered to lysosomes for degradation. Autophagy is critical for the removal of damaged organelles (such as mitochondria, peroxisomes and endoplasmic reticulum) and for the removal of misfolded or aggregated proteins. In addition, whilst autophagy can be considered as a removal pathway, it is also a recycling pathway for nutrients such as amino acids, allowing it to adapt to nutrient conditions in the cell, providing a source of nutrition during periods of cell stress (He et al., 2018). Autophagy is relevant to the pathogenesis of many diseases since it plays critical roles in cytoprotection through the prevention of accumulation of damaged organelles and toxic proteins and modulation of it may have therapeutic benefits. In particular, autophagy is implicated in many neurodegenerative diseases, such as Parkinson’s disease. The process of autophagy can be selective or non-selective in the removal of specific cargo. There are three main types of autophagy; microautophagy, chaperone-mediated autophagy (CMA) and macroautophagy. Macroautophagy is hereafter referred to as autophagy.
Microautophagy is the pathway in which cytosolic components are directly taken up by the lysosome itself. Here, components enter the lysosome through invagination of the lysosomal membrane and is therefore generally a non-selective process, although in some cases it can be selective (Oku and Sakai, 2018). CMA, on the other hand, is the targeted autophagy of proteins which are translocated across the lysosomal membrane in a complex with chaperone proteins. The complex is recognised by the lysosomal membrane receptor lysosomal-associated membrane protein 2A (LAMP-2A) (Saftig et al., 2008).  Macroautophagy, hereafter referred to simply as autophagy, is the pathway in which double-membrane structures, termed autophagosomes, selectively or non-selectively engulf their cargo and deliver it to the lysosome for degradation. This is a heavily regulated pathway which can be induced upon starvation or hypoxia, as well as through more specific inducers that can cause damage to organelles to elicit their degradation.
The autophagy process is divided into mechanistically distinct steps, including induction, cargo recognition and selection, vesicle formation, autophagosome-vacuole fusion, and breakdown of the cargo followed by release of the degradation products back into the cytosol. Different sets of autophagy-related (Atg) genes and proteins are involved in these steps and consist of the core autophagic machinery. 
The first step of autophagy begins with formation of the phagophore. The phagophore is a double-membrane structure whose origin remains somewhat controversial. In yeast, the phagophore membrane is formed at cytosolic structures known as the pre-autophagosomal structure (PAS). In mammals, there is no evidence of a PAS and the phagophore membrane is thought to form from pre-existing membranous structures, in particular the ER, mitochondria, ER-mitochondria contact sites, golgi apparatus, late endosomes and the plasma membrane (Klionsky, 2007; Axe et al., 2008; Hayashi-Nishino et al., 2009). However, the relative lack of transmembrane proteins in the phagophore membrane means the possibility of de novo membrane formation should not be ruled out (Nguyen et al., 2017). Nucleation of the phagophore membrane requires Atg1 in yeast or ULK1/2 in mammals (Fig. 1.4; step 1). Under nutrient-rich conditions, mTOR phosphorylates ULK1/2 to inactivate them. However, upon inhibition of the mTOR pathway through starvation of rapamycin, ULK1/2 become activated and phosphorylates Atg13 and FIP200. The phosphorylation of these proteins is essential for autophagy activity (Alers et al., 2014). 
ULK1 complex (ULK/Atg13/FIP200) translocates to autophagy initiation sites and regulates the recruitment of a second kinase complex, the VPS (vacuolar protein sorting) 34 (VPS34) complex, through phosphorylation of Beclin-1 (Russell et al., 2013). The VPS34 complex consists of the class III phosphatidylinositol 3-kinase VPS34, as well as Beclin-1, VPS15 and Atg14L (ATG14-like).  VPS34, a PI3 kinase whose only substrate its phosphatidylinositol (PI), forms a complex with Beclin-1 upon phosphorylation by Beclin-1, which promotes its catalytic activity and increases levels of phospholipid phosphatidylinositol 3-phosphate (PI3P). PIP3 acts as a signalling molecule for the recruitment of PI3P-binding proteins such as WIPI2B (WD repeat domain phosphoinositide-interacting protein 2). The recruitment of WIPI2B and other proteins leads to the expansion of the phagophore. This process of phagophore induction and nucleation is highlighted in Fig.1.4; step 2.
One essential complex that is recruited to the expanding phagophore membrane by PI3P is the Atg5-Atg12-Atg16L1 conjugation machinery, which is essential for the recruitment of microtubule-associated protein light chain 3 (LC3B) in later stages of the autophagy pathway (Fig. 1.4; step 3). Prior to recruitment, the complex is formed through a series of conjugation steps involving Atg7 and Atg10. Acting like an E1 ubiquitin activating enzyme, Atg7 activates Atg12 in an ATP-dependent step. Atg12 is then transferred to Atg10, which acts as an E2-like ubiquitin carrier protein that covalently links Atg12 to Atg5. Conjugated Atg5–Atg12 complexes with Atg16L to form an Atg5–Atg12–Atg16L complex that associates with the phagophore. The association of Atg5–Atg12–Atg16L complexes is a key step in autophagy and acts to recruit other important autophagy related proteins. 
As a result of Atg5-Atg12-Atg16L complex recruitment to the phagophore membrane, LC3B-II is recruited. LC3B is expressed in most cell types as a full-length cytosolic protein that, upon induction of autophagy, is proteolytically cleaved by Atg4, a cysteine protease, to generate LC3B-I. The carboxyterminal glycine exposed by Atg4-dependent cleavage is then activated in an ATP-dependent manner by the E1-like Atg7. Activated LC3B-I is then transferred to Atg3, a different E2-like carrier protein, before phosphatidylethanolamine (PE) is conjugated to the carboxyl glycine to generate processed LC3B-II. The asymmetrical recruitment of LC3-II is considered to induce curvature of the extending phagophore membrane. Moreover, LC3-II can promote membrane elongation and fusion as well as playing a key role in cargo selection and recruitment (Feng et al., 2014; Rogov et al., 2014). 
Autophagy receptors have a LIR motif, which mediates association with the Ubl domain of LC3-II. Generally, autophagy receptors recognises ubiquitinated cargo and, through interactions with LC3-II, targets them for degradation through recruitment to the double-membraned autophagosome.
Following engulfment of the cargo and fusion of the phagophore ends, the autophagosome fuses with the lysosome to form a structure known as the autolysosome (Mizushima, 2007). Fusion with the lysosome promotes degradation of the autophagosomal contents through lysosomal proteases. Important nutrient, such as amino acids, are exported back into the cytoplasm for re-use via lysosomal permeases and transporters. Disruption in this pathway can therefore have impacts on cellular function and build-up of damaged organelles and aggregated proteins.

[image: ]Figure 1.4 Autophagy regulation. Diagram depicts the molecular mechanisms of autophagy, which involves several ATG proteins and LC3-II in sequential steps. The first step involves induction of autophagy by the ULK1 complex, followed by nucleation of the phagophore membrane and subsequent elongation and cargo selection. Finally, the autophagosome fuses with the lysosome to form the autolysosome, and contents degraded.



[bookmark: _Toc45731449]1.4 Mitochondrial quality control
Proper mitochondrial quality control mechanisms ensure mitochondrial function and cellular homeostasis. As a by-product of mitochondrial function, ROS are formed which can damage various organelles, including the mitochondria themselves, and molecules such as proteins, nucleic acids and lipids by the abstraction of electrons (Schieber and Chandel, 2014). The generation of mitochondrial ROS and its potential to damage cellular components lead to the mitochondrial theory of aging, which suggest that mitochondrial ROS accumulate damage over time and once a certain threshold is surpassed, leads to cell death. This is true not only in aging, but also in neurodegeneration in which mitochondrial quality control mechanisms are compromised (Harman, 1972). Thus, mitochondria require a process to remove damage parts of the mitochondrial network to prevent a build-up of defective portions of the energy producing organelle. 
The first line of mitochondrial quality control can be viewed as ROS scavengers, since mitochondria are responsible for the majority of ROS production in the cell and therefore require a mechanism for their removal. Small molecules such as glutathione and thioredoxin and enzymes such as glutathione peroxidase and manganese superoxide dismutase (MnSOD; SOD2) are fundamental to the mitochondrial ROS scavenger system. Glutathione is one of the major antioxidant defence mechanisms belonging to the cell. Its redox-active thiol (-SH) of a cysteine residue confers its antioxidant capacity and becomes oxidised upon reaction with ROS (Pompella et al., 2003). SOD2 is a prominent element of the ROS scavenger system. It is perhaps the most relevant SOD enzyme out of its other isoforms, SOD1 (also known as Cu-Zn SOD) and SOD3 (also known as extracellular [Cu-Zn] SOD), due to its specific location in the inner mitochondrial matrix at the site of superoxide formation as a by-product of oxidative phosphorylation. SOD2 converts superoxide into the less toxic H2O2 which is capable of diffusing across the outer mitochondrial membrane into the cytosol where it can be processed by additional enzymes, namely catalase (CAT) or glutathione peroxidase, to form H2O (Flynn and Melov, 2013). As a first line of defence, although effective at lower levels of ROS production, ROS scavengers are limited in their capacity to prevent molecular damage and mainly act to decrease the rate of damage before the threshold is reached. Therefore, additional mechanisms are required to prevent or deal with the damage to the mitochondria, either by means of repairing any damage or targeting the damaged portions for degradation.
If the extent of the damage is not major, repair mechanisms can help to reverse the damage. In particular, the repair of damaged mitochondrial DNA, mtDNA. In the mitochondria, mtDNA encodes for some essential protein subunits of the electron transport chain and, due to the close proximity of mtDNA with the electron transport chain, it can be susceptible to oxidative damage. Fortunately, DNA repair systems exist in the mitochondria and include base excision repair, reversal and mismatch repair (Gredilla, 2010); Mishra and Kowluru, 2014). The base excision pathway is carried out by DNA glycosylases, which recognise specific modified bases and cleave the N-glycosylic bond between the modified base and the sugar-phosphate backbone. Once the modified base has been cleaved off, DNA polymerase may extend the DNA with a new nucleotide which can be ligated back together with DNA ligase. The glycosylases involved in mtDNA repair are encoded by the same nuclear genes, however, due to alternative splicing, they are distinct in their location and therefore function (Nilsen et al., 1997). In addition to DNA repair mechanisms, a subset of oxidised proteins are able to be repaired, although the majority of protein homeostasis is controlled by protein degradation. Oxidised methionine moieties, for example, can be reduced back to methionine through the methionine sulphide reductase system, consisting of MsrA and MsrB. The oxidised MsrA/B can then be regenerated by the thioredoxin reductase system for further use. Should proteins be unable to be repaired through such pathways, and mitochondrial integrity is impaired, the mitochondrial unfolded protein response (UPRmt) may be initiated. This response involves a relatively poorly defined communication mechanism between the mitochondria and the nucleus, although activating transcription factor associated with stress 1 (ATFS-1) has recently been shown to be key to this communication mechanism in C. elegans and contains both a NLS and a mitochondrial targeting sequence (Nargund et al., 2012). Activation of the UPRmt results in the upregulation of genes involved in mitochondrial quality control, in particular those involved in mitochondrial protein misfolding such as Hsp60 and Hsp70 (Shpilka and Haynes, 2018; Kang et al., 1990).
One other defence mechanism found to be essential for proper mitochondrial quality control is the formation of mitochondrial-derived vesicles (MDVs), which shuttle damaged cargo from the mitochondria directly to the lysosomes for degradation (Soubannier et al., 2012). Whilst MDVs exist under basal conditions, they are upregulated in response to oxidative stress. Cargo selection appears to be selective in response to specific stimuli (Soubannier et al., 2012; McLelland et al., 2014). Interestingly, delivery to the lysosomes does not require LC3, suggesting that the pathway is independent of mitophagy and in fact may complement it.
These molecular pathways are extremely useful in repairing or removing individual damaged mitochondrial proteins to help prevent their build-up and the possibility of further damage to mitochondrial proteins. However, these pathways can be easily overwhelmed and quality control mechanisms at the level of the organelle become much more important. These include fission and fusion of mitochondrial networks and, failing that, mitochondrial degradation pathway. Fission and fusion controls the mitochondrial dynamics and involves the fission of mitochondria into smaller, fragmented, filamentous network as a way of removing damaged mitochondria from the network, and fusion which involves the coming together of multiple mitochondrial units to form an integrated network of healthy mitochondria, acting as a damage dilution mechanism. Fusion can be highly advantageous to mitochondria, particularly because they are much more efficient in ATP generation compared with fragmented networks and is often triggered in response to low levels of stress (Bliek, 2009; Westermann, 2012). Thus, mitochondrial dynamics can alter the production levels of ATP depending on the metabolic needs of the cell and can be controlled in response to varying levels of stress. Fission, on the other hand, is a useful mechanism to segregate damaged mitochondria from the rest of the network to prevent further damage to the mitochondrial network and will be discussed in more detail in 1.4.1. Following segregation from the network, two or more mitochondrial fragments are produced; one that has an increased membrane potential and a high probability for fusion and one in which the membrane potential is reduced. This later group have a high probability to undergo selective removal through a process termed mitophagy; a lysosomal degradation pathway for mitochondria (Twig et al., 2008). Mitophagy is a critical mitochondrial quality control pathway, viewed as the final line of defence, and its importance is made clear by impairments in mitophagy contributing to various diseases, including Parkinson’s disease. It is a highly selective process that is tightly controlled to ensure proper mitochondrial function. A more detailed overview of mitophagy can be found in 1.5.
Overall, there are several mechanisms governing mitochondrial quality control, including at both a molecular and organellar level, which ultimately all have their limitations and can be overwhelmed to varying degrees. Control over all of these mechanisms is essential to ensure the pathways are selective for the damaged mitochondrial proteins to prevent over activation of degradation pathways and cell death.
[bookmark: _Toc45731450]1.4.1 Mitochondrial fission 
Mitochondria, the cell’s primary site of ATP production, are highly dynamic organelles that continuously go through cycles of fission and fusion events to create fragmented units or interconnected networks of mitochondria to maintain a state of healthy equilibrium. Under normal conditions, fission creates discrete mitochondrial units that are disconnected from the rest of the mitochondrial network. Conversely, fusion increases inter-connectivity within the network. Balance between these two governs the health of mitochondria however, during certain cellular processes and disease, the mitochondria may favour one or the other, such as in cell division where mitochondrial fission is dominant to allow proper segregation of mitochondria into their daughter cells (Ferrier, 2001). As well as this, fission is also part of a cell’s quality control mechanism, eliminating dysfunctional mitochondria by a pathway known as mitophagy, or mitochondrial autophagy (Twig et al., 2008). Fission and fusion proteins tightly regulate mitochondrial dynamics since cell survival is heavily dependent on the health of mitochondria. Proteins controlling mitochondrial fission include: Drp1, Fis1 and Mff (Otsuga et al., 1998; Mozdy et al., 2000; Losón et al., 2013). Discovered in 1998, Drp1 is a ~80kDa, large GTPase that has subsequently been shown to have important roles in mitochondrial fission (Smirnova et al., 1998). It is composed of an N-terminal GTPase domain, which binds and hydrolyses GTP, followed by a middle domain, a coiled-coiled domain, and a GTPase-effector (GED) domain (Zhu et al., 2004). Overexpression of a dominant-negative mutant (Drp1 K38A) prevents the conversion of mitochondria to a punctate phenotype, as occurs during mitochondrial fission. In addition, inhibition of Drp1 also blocks cell death (Frank et al., 2001). Drp1 can be found predominantly in the cytoplasm but during fission, associates with the outer mitochondrial membrane where it self assembles to form spirals around the mitochondria which undergo a conformational change, facilitated by GTP, to constrict it and eventually sever the mitochondria (Smirnova et al., 1998; Ingerman et al., 2005). This is mediated by a group of adaptor proteins, mitochondrial dynamics protein of 49 kDa (MiD49), mitochondrial dynamics protein of 51 kDa (MiD51) and mitochondrial fission factor (Mff), which have all been shown to recruit Drp1 to the mitochondria (Otera et al., 2010; Palmer et al., 2011; Losón et al., 2013). Interestingly, despite mitochondrial fission 1 protein (Fis1) being the predominant Drp1 receptor in yeast, Mff appears to bind to Drp1 with a stronger affinity in immunoprecipitation assays in mammalian cells and has shown to exist in distinct complexes from Fis1, indicating a separate Fis1-independent pathway (Mozdy et al., 2000; Otera et al., 2010). Nonetheless, overexpression of Fis1 disrupts mitochondrial morphology in mammalian cells by inducing fragmentation and at the same time, can also inhibit mitochondrial fusion (Stojanovski et al., 200; Yu et al., 2019)). 
[bookmark: _Toc45731451]1.4.1.2 Fis1
Fis1 itself is a 17-kDa integral membrane protein that is found along the mitochondrial outer membrane, anchored by its C-terminal hydrophilic tail. It is an α-helical protein that contains two tetratricopeptide repeat (TPR) domains which interact with other mitochondrial proteins, namely Drp1, the major GTPase responsible for mitochondrial fission (Dohm et al., 2004). The role of Fis1 has been investigated extensively in both yeast and mammalian cells and has been shown to play important roles in mitochondrial fission. Additionally, evidence also suggests possible roles in mitophagy and peroxisomal fission, although the specific pathway for the former is not clear (Shen et al., 2014; Schrader et al., 2016). Fis1 was the first reported receptor of Drp1 based on data from the yeast Saccharomyces cerevisiae. It has been demonstrated to interact with the yeast Drp1 homolog, Dnm1, and is essential for mitochondrial fission in yeast. In mammalian cells, as well as having Drp1-dependent roles, Fis1 seems to function independently of Drp1 to induce mitochondrial fission. In one study, a novel binding partner of Fis1, TBC1D15, was identified and knockdown resulted in extensive elongation of the mitochondrial network, similar to that of the Fis1 knockdown (Onoue et al., 2013). On the other hand, studies using Fis1 knockout mammalian cells provide genetic evidence that Fis1 plays an auxiliary role in mitochondrial fission but an essential role in removing damaged mitochondria during mitophagy (Losón et al., 2013; Palmer et al., 2013; Shen et al., 2014). Moreover, more studies have linked Fis1 to autophagy, and more specifically, mitophagy. For example, depleting Fis1 by RNA interference (RNAi) knockdown results in decreased levels of LC3 puncta upon starvation and decreased mitophagy induced by mitochondrial uncoupling agents (Twig et al., 2008; Singh et al., 2010). Conversely, overexpression of Fis1 itself increased the fragmentation of the mitochondrial network, as well as enhanced the formation of autophagosomes (Gomes and Scorrano, 2008). Despite an increasing body of evidence indicating a critical role for Fis1 in autophagosome recruitment during mitophagy, which can be induced by various pharmacological reagents such as the iron chelator DFP, the exact mechanisms governing this remain unclear (Yamano et al., 2014; Huang and Chan, 2016; Rojansky et al., 2016). Therefore, it is plausible that Fis1 may have a role in the regulation of mitochondrial quality control.
[bookmark: _Toc45731452]1.5 Mitophagy
Mitophagy refers to the selective autophagic, that is, lysosomal degradation, of mitochondria, usually in response to mitochondrial damage. It is a highly important quality control mechanism the mitochondria have developed to handle mitochondrial stress and damage, often as a result of excessive ROS levels, which the mitochondria are exposed to as a result of their role in energy production. The autophagy pathway removes cytoplasmic contents, such as damaged organelles or proteins, by engulfment into a double-membrane autophagosome which later fuses with a lysosome for degradation of the contents and recycling of any material, in response to various stimuli. This process can be non-selective, such as in starvation-induced autophagy, or it can be selective, such as the selective removal of mitochondria during mitophagy. In mammals, mitophagy can be induced by several events and includes: in response to oxygen deprivation, mitochondrial damage, cellular differentiation and after fertilisation to remove paternal mitochondria (Ding and Yin, 2012). Mitophagy is often preceded by mitochondrial fission in both yeast and mammalian cells (Nowikovsky et al., 2007; Twig et al., 2008).
The targeting of damaged mitochondria for degradation has been well documented. One method for targeting damaged mitochondria for degradation and is perhaps the most studied pathway is known to involve two genes: PINK1 which encode for a mitochondrially localised kinase and PARK2 whose protein product, Parkin, is a cytosolic E3 ubiquitin ligase. Although the majority of Parkinson’s disease cases are sporadic, a subset are hereditary and in particular, are caused by mutations in either of these two genes, demonstrating the importance of proper mitochondrial quality control pathways. Early studies showed Parkin and PINK1 work in the same pathway, with PINK1 upstream of Parkin (Park et al., 2006). The role of PINK1 at the outer mitochondrial membrane has long been considered as a sensor for mitochondrial damage, although a more appropriate definition of its role should be a sensor and an effector. Under basal conditions, PINK1 is imported into the mitochondria via the translocase of the outer membrane (TOM) and translocase of the inner membrane (TIM23), where it is cleaved by the matrix processing peptidase (MPP) and the inner membrane protease PINK1/PGAM5-associated rhomboid-like protease (PARL) into a 52 kDa form, outline in Fig. 1.5 A (Jin et al., 2010; Meissner et al., 2011). This cleaved protein product is released back into the cytosol and degraded through the proteasome system (Yamano and Youle, 2013). When damage is inflicted upon the mitochondria, which causes a decrease in membrane potential, mitochondrial import is impaired and PINK1 becomes stabilised on the outer mitochondrial membrane (OMM), as outlined in Fig. 1.5 B. A complex is formed between PINK1, TOM22, TOM40 and TOM70. Recently, it has been shown that PINK1 autophosphorylation at Ser228 is required for Parkin activation and thus it is likely that two molecules of PINK1 exist in this complex (Rasool et al., 2018). Furthermore, PINK1 phosphorylates both the Ubiquitin-like domain (Ubl) of Parkin and ubiquitin itself at Ser65, which stimulates the E3 ligase activity of Parkin (Kondapalli Chandana et al., 2012). Phosphorylation of Parkin appears to be necessary for its function, since it exists in an autoinhibited state, whereby the RING0 domain of Parkin blocks its own catalytic domain and only upon phosphorylation does this alter its conformation to expose its catalytic residues (Trempe et al., 2013). Once PINK1 is stabilised at the OMM the membrane, it is capable of phosphorylating ubiquitin that is already at the mitochondrial surface, which acts as a signal for Parkin recruitment and tethering, whereby it binds to the phosphorylated ubiquitin and becomes phosphorylated by PINK1 and thus is now fully active to ubiquitinate and poly-ubiquitinate various substrates on the OMM. (Shiba-Fukushima et al., 2014; Okatsu et al., 2015). In the absence of PINK1, Parkin is able to be recruited to the mitochondria by a phosphomimetic tetra-ubiquitin chain but not by a wild-type tetra-ubiquitin chain, suggesting that the phosphorylated ubiquitin, mediated by PINK1, is the true receptor for Parkin recruitment to the mitochondria (Okatsu et al., 2015). Not only is phospho-ubiquitin important for Parkin recruitment, but it is also resistant to deubiquitinating enzymes which provides a driving force for mitophagy. In summary, PINK1-dependent phosphorylation of ubiquitin and Parkin drives mitophagy and is sufficient for both Parkin tethering and activation of its E3 ligase activity.
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Figure 1.5. PINK1/Parkin-mediated mitophagy. A) PINK1 is imported via TOM and TIM23 complexes and cleaved by MPP and PARL under health conditions. The subsequent product is degraded by the proteasome. B) In damaged mitochondria, PINK1 becomes stabilised on the outer mitochondrial membrane (OMM). Upon dimerization and subsequent autophosphorylation, Parkin is phosphorylated and activated. In addition, PINK1 phosphorylates ubiquitin itself on serine 65. Parkin is recruited and ubiquitinates substrates to target for mitophagy.
A.
B.

Following on from Parkin-mediated ubiquitination of OMM proteins, autophagy receptor proteins recognise and bind ubiquitinated proteins on the OMM and facilitates autophagosome formation through binding with LC3-II on the phagophore membrane. The phagophore, or isolation membrane as it is sometimes referred to, is a double-layered cup-shaped membrane which expands and engulfs its contents to become the autophagosome. The origin and identity of the phagophore membrane has been much debated, although it is generally accepted it forms de novo by nucleation of existing membrane structures, such as the plasma membrane, the Golgi the ER and mitochondria, in particular at ER-mitochondria interfaces (Hamasaki et al., 2013). In mammals, mitophagy requires NDP52 (Nuclear domain 10 protein 52) and OPTN (Optineurin) autophagy adaptors acting as receptor links between the depolarised mitochondrial membrane and LC3-II on the autophagosome. Double-knockout of NDP52/OPTN inhibits mitophagy but the variation of expression levels in different cell types suggests different dependencies on the two adaptors (Lazarou et al., 2015). Recruitment of these two adaptors requires PINK1 kinase activity and phosphorylated ubiquitin is able to facilitate binding of NDP52 and OPTN through their respective ubiquitin binding domains. The extent of adaptor protein recruitment is controlled, in part, through the kinase TBK1. Upon mitochondrial damage, PINK1/Parkin-mediated ubiquitination of OMM triggers TBK1 recruitment and activation, through phosphorylation of Ser172, which allows it to phosphorylate adaptor proteins NDP52, p62 and OPTN (Heo et al., 2015; Matsumoto et al., 2015; Richter et al., 2016). In particular, phosphorylation of OPTN by TBK1 increases its affinity to phospho-ubiquitin chains and retains it at the mitochondria, amplifying recruitment of autophagy receptors (Richter et al., 2016).  Once recruited to the mitochondria through autophagy receptors, the phagosome engulfs around the mitochondria, forming the autophagosome. As well as facilitating recruitment of damaged mitochondria to the phagophore membrane, LC3 is also necessary for elongation and enclosure of the membrane to form mature autophagosomes (Ashrafi and Schwarz, 2013). The autophagosome fuses with the lysosome, forming an autolysosome and the contents are degraded by hydrolytic enzymes. 
Mitophagy as a mitochondrial quality control mechanism is a critical pathway for cell survival. The proper function of PINK1 and Parkin is of importance for the workings of this pathway, as demonstrated by the defects in mitophagy seen in animal models and Parkinson’s disease patients with mutations in these two genes. Although PINK1/Parkin-mediated mitophagy has been extensively studied as the pivotal mechanism for mitochondrial selective autophagy, a recent publication demonstrated the dispensability of PINK1 in basal mitophagy, indicating the presence of alternative mitophagy pathways (McWilliams et al., 2018). 
In contrast to PINK1/Parkin mediated mitophagy which involves the translocation of Parkin to the mitochondrial outer membrane and subsequent recruitment of autophagy receptors, receptor-mediated mitophagy involves autophagic receptors that are constitutively located on the mitochondrial outer membrane (Liu et al., 2014). These receptors contain an LC3-II interreacting region (LIR), meaning they can bind toLC3-II in the phagophore membrane, thereby recruiting the phagophore to the mitochondrial membrane to induce mitophagy. Of these types of proteins, the best described are possibly BNIP3 (Bcl2/adenovirus E1B 19 kDa interacting protein 3) and its homolog NIX. They anchor into the outer mitochondrial membrane and interact with LC3-II with their C-terminal LIR and have both been demonstrated to induce mitophagy in the absence of Parkin (Zhang and Ney, 2009). In addition to receptor-mediated mitophagy, there are additional ubiquitin-mediated mitophagy mediators that can act similarly to Parkin. MUL1 (mitochondrial ubiquitin ligase activator of NFKB 1) and SIAH1 (seven in absentia homolog 1) are both E3 ubiquitin ligase that. They are recruited to damaged mitochondria and ubiquitinate substrates on the outer mitochondrial membrane to induce phagophore recruitment and subsequent mitophagy (Szargel et al., 2016; Puri et al., 2019).
Further to this, as discussed in 1.1.5.2, studies into the iron chelation drug DFP have revealed that the drug is able to induce mitophagy in a PINK1/Parkin-independent manner, supporting the idea that alternative pathways exist in the initiation of mitophagy which present a therapeutic target in the treatment of diseases relating to defects in mitophagy, such as Parkinson’s disease.

[bookmark: _Toc45731453]1.5 Summary 
Parkinson’s disease is a progressive neurodegenerative disease affecting motor function, causing motor symptoms such as bradykinesia, resting tremor, rigid muscles and impaired posture as well as non-motor symptoms including sleep disturbances (insomnia), mood disorders (depression, anxiety and irritability) and cognitive changes (hallucinations). The characteristic of Parkinson’s disease includes Lewy body pathology, comprised of mainly α-synuclein inclusions, and the loss of dopaminergic neurons of the substantia nigra pars compacta; neurons belonging to the pathways of the basal ganglia responsible for controlling movement. Loss of these dopaminergic neurons is responsible for the motor symptoms seen. The molecular mechanisms underpinning this disease have been well explored and it is accepted that neuroinflammation, mitochondrial dysfunction, oxidative stress and iron overload are responsible for the selective degradation of dopaminergic neurons of the substantia nigra.
PINK1/Parkin-mediated mitochondrial quality control is the predominant mechanism that the cell has to respond to damaged mitochondria through a selective autophagy degradation pathway known as mitophagy. Mutations in PINK1 (PARK6) and Parkin (PARK2) are the most common causes of autosomal-recessive early-onset PD. Failure to initiate mitophagy and remove damaged mitochondria leads to a build-up of ROS and causes oxidative stress, leading to irreversible damage and cell death. Currently, treatments are merely symptomatic and fail to cure or halt progression of PD. This problem can partly be explained due to the lack of complete understanding of the pathogenesis of the disease. Recently, separate studies have hinted at the presence of an alternative mitophagy pathway, independent of the conventional PINK1/Parkin-mediated pathway, which provides a possible therapeutic target. Indeed, the iron chelation drug, DFP, is capable of inducing this pathway but the molecular mechanisms through which it acts are not understood.
This thesis explores the existence of an alternative mitophagy pathway through the regulation and function of the deSUMOylation enzyme, SENP3. SUMOylation is a highly transient PTM affecting protein localisation, activity and function. The SUMOylation and deSUMOylation of a variety of proteins has already been linked to several diseases, including Parkinson’s disease. Preliminary data revealed a potential role for SENP3 in an alternative mitophagy pathway upon treatment with DFP.

[bookmark: _Toc45731454]1.6 Aims of this thesis
The iron-chelation drug, DFP, is currently in clinical trials for treatment of Parkinson’s disease (Martin-Bastida et al., 2017). It has previously been demonstrated to induce mitophagy, which may be of benefit to Parkinson’s disease patients in which mitophagy can be defective, particularly those patients with mutations in PINK1/Parkin. Importantly, DFP appears to induce mitophagy independently of the PINK1/Parkin-induced mitophagy pathway (Allen et al., 2013). How DFP achieves mitophagy is currently unknown, but it is of relevance for Parkinson’s disease research. Understanding the pathophysiology of Parkinson’s disease completely may help in drug discovery, for which there is currently no treatment to cure the disease. In addition, understanding the molecular mechanisms of potential therapies may help to mitigate against unwanted side effects.
Following preliminary data indicating there may be some involvement of SUMOylation in DFP-induced mitophagy, the first aim of this thesis was to examine a potential role for SUMOylation in DFP-induced mitophagy. Further to this, it was important to understand the regulation of SUMOylation enzymes, namely SENP3, by E3 ubiquitin ligases in this pathway to begin to understand how DFP may act to effect levels of SUMOylation. Exploring these aims gives insight into how a PINK1/Parkin-independent mitophagy pathway may be regulated at the level of SUMOylation. 
SENP3 is a deSUMOylation enzyme with known, and potentially unknown, targets at the mitochondrial membrane. Fission of mitochondria precedes mitophagy, allowing segregation of the damaged and depolarised mitochondrial portion to undergo mitophagy. The mitochondrial membrane protein, Fis1, was previously been linked with mitophagy as well as being identified in a screen as a possible SUMOylation substrate, but this has not been tested experimentally. As a potential SUMOylation substrate with involvement in mitophagy, the second aim of this thesis was to explore the potential SUMOylation status of Fis1 and whether this could be controlled through SENP3. 
SUMOylation and deSUMOylation are known to affect the  localisation and function of their target proteins. The final aim of this thesis was to elucidate the functional consequences of SENP3-mediated Fis1 deSUMOylation during the alternative mitophagy pathway, induced by DFP. Together, exploring these aims ultimately helps to uncover the mitophagy pathway through which DFP acts.








Chapter 2. Materials and Methods






[bookmark: _Toc14951010][bookmark: _Toc45731455]2. Materials and Methods

Materials and methods used in this thesis are highlighted in this chapter. Reagents were purchased from Sigma, unless otherwise stated, and full details of materials used are listed in 2.1.12.

[bookmark: _Toc14951011][bookmark: _Toc45731456]2.1 Methods

[bookmark: _Toc14951012][bookmark: _Toc45731457]2.1.1 Molecular cloning 
[bookmark: _Toc14951013][bookmark: _Toc45731458]2.1.1.1 Principle
Molecular cloning refers to the procedure by which recombinant DNA is made. A DNA sequence from any species is isolated and inserted into a vector without alteration of the original DNA sequence. Once in the vector, many copies can be generated for analysis of the DNA sequence or for use in protein expression studies. The process contains four main steps which include: isolation of target DNA fragments, ligation for DNA and vector (usually a plasmid), transformation of the recombinant vector into bacteria for amplification and finally screening the bacteria for those that contain the vector for subsequent purification.
Isolation of the DNA is achieved through use of polymerase chain reaction (PCR) which uses primers that are complementary to the specific DNA sequence and a series of temperature cycles to amplify the DNA. In a PCR machine, temperatures of 95oC are used to first separate the double-stranded template DNA. This is cooled down to around 60-65oC to allow annealing of the short primer sequence to its complementary base pairs (bp) on the template strand. Subsequently, the temperature is raised to 72 oC which is the optimum temperature for DNA polymerase to extend the sequence using free dNTPs. The cycle is repeated between 15-40 times and the PCR product is formed. The optimum temperatures vary depending on the length of the template and the primers as well as the G/C content of the primers themselves.    
As a tool to detect mitophagy, and specifically the formation of autolysosomes, mito-pHfluorin was engineered through molecular cloning techniques to detect the specific formation of mitochondria containing autolysosomes. The following multistep procedure was employed in the cloning of mito-pHfluorin that brought together three unique molecules of DNA; SEP, mCherry and ActA, through the use of polymerase chain reaction and ligation techniques, discussed below. Additionally, several other constructs were synthesised and these are discussed below.
[bookmark: _Toc14951015][bookmark: _Toc45731459]2.1.1.2 Procedure
[bookmark: _Toc45731460]2.1.1.2.1 Polymerase chain reaction (I)
Both mito-pHfluorin and CFP-Fis1/CFP-Fis1K149R were engineered in a multistep cloning procedure. For the cloning of mito-pHfluorin, a DNA template containing SEP (SEPTOPO) was used with the intention of cloning the SEP fragment only. For CFP-Fis1 and CFP-Fis1K149R, Flag-Fis1 was used as the template (Flag-Fis1 was generated previously by insertion of the relevant Fis1, amplified from GST-Fis1, into the Bam H1/Not1 sites of pcDNA3). A 50 µl PCR reaction was set up following the manufacture’s instructions (Novagen). The PCR reaction components and mixture were kept on ice at all times. To a PCR tube, 5 µl of 10X PCR buffer, 10 mM dNTPs, 3 µl MgSO4, 1 ng/µl of either SEPTOPO plasmid (addgene, 64944) or Flag-Fis1 (pcDNA3 addgene 20011), 10 μM forward primer; for cloning of mito-pHfluorin (5’- GAGAGAATCTGATGAGTAAAGGAGAC -3’), 10 μM reverse primer (5’- GAGAGGATCCCGTTTGTATAGTTCATCCATGCC -3’);  for cloning of CFP-Fis1/K149R 10 μM forward primer (5’- GGCATGGACGAGCTGTACAAGATGGAGGCCGTGCTGAACG), 10 μM reverse primer (WT) (5’-GAATAGGGCCCTCTAGATTAGGATTTGGACTTGGAGACAGCCAG -3’) or CFP-Fis1K149R (5’-GAATAGGGCCCTCTAGATTAGGATTTGGACCTGGAGACAG -3’) and finally sterile dH2O, to a volume of 49 µl,  were added in sequential order. Just before the start of the reaction, 1 µl KOD polymerase was added and the PCR reaction mix was vortexed gently before being spun down for 5 seconds. A PCR machine was setup to amplify the SEP fragment as follows:
95oC     3 min
95oC     30 s
60oC     30 s                       20 cycles
72oC     90 s *
72oC     7 min
4oC     Hold
* Extension time varies depending on the length of the fragment to be amplifies and is based on 1min/kb

[bookmark: _Toc14951016][bookmark: _Toc45731461]2.1.1.2.2 Agarose gel electrophoresis
To confirm the presence of the SEP fragment, a 1.5 % agarose gel was prepared for gel electrophoresis. The gel was prepared as per Table 1 and poured into a gel casting tray and a 1.5 mm well comb was inserted. Once polymerised, the PCR sample was prepared with 6x gel loading buffer (Bio-Labs) to a working concentration of 1x and mixed well with the sample. To the first lane, 5 µl of DNA ladder was loaded to compare with the size of the DNA fragments from the cloning.  The DNA sample was loaded across two lanes and the gel was run at 90 V for 40 minutes until the dye front was three quarters of the way across the gel. Using a UV gel imager (BioRad), the DNA fragments were compared to the DNA ladder and the correct fragment, as determined by its size, was carefully cut from the gel for further analysis.



Table 1. Showing the reagents for the preparation of a 1.5% agarose gel

	
	Agarose gel

	Reagents
	1.5%

	1X TAE buffer (Tris-Acetate EDTA)
	40 ml

	Agarose
	0.6g

	Ethidium Bromide (added when solution is cool)
	0.5 µg/ml

























[bookmark: _Toc45731462]2.1.1.2.3 DNA extraction
DNA extraction is typically performed after gel electrophoresis to confirm the success of either PCR or ligation. The protocol was performed following the manufacturer’s instructions for the GeneJet PCR purification kit (Thermo Fisher Scientific). The cut piece of agarose gel containing the DNA of interest was placed into a 1.5 ml microcentrifuge tube with an equal volume of Binding buffer. The solution was mixed thoroughly and placed in a heat block at 50oC with regular mixing. In the case of DNA fragments less than 500 bp, 100% isopropanol was added in a 1:2 volume ratio to increase yield. Once the agarose gel had dissolved, the solution was transferred to the purification column and centrifuged at 12,000x g for 60 s. The flow through was discarded and 700 µl of Wash buffer I was added to the purification column, which was centrifuged as before. Once again, flow through was discarded. The empty purification column was centrifuged again to remove any residual ethanol. To elute the DNA, the purification column was transferred to a fresh microcentrifuge tube and 30 µl of Elution buffer was added to the membrane of the purification column and incubated for 2 min, before centrifugation.

[bookmark: _Toc14951017][bookmark: _Toc45731463]2.1.1.2.4 Restriction digest and ligation
To produce recombinant DNA, it is sometimes necessary to use restriction enzymes to cut DNA fragments at specific sites which later can ligate with other DNA fragments cut with the same restriction enzymes, due to the nature of the complementary stick ends. Here, SEP DNA fragment was digested with the restriction enzymes BamH1 and EcoR1. Restriction enzymes and buffers were purchased from New England Biolabs. Following the manufacturer’s instructions, 15 µl of SEP DNA, 1 µl H2O, 2 µl Cut Smart Buffer and 1 µl of both BamH1 and EcoR1 were added and mixed well in a microcentrifuge tube and heated at 37oC in a heat block for 3 hours. Alongside the restriction digest of SEP, a second restriction digest, with the same restriction enzymes, was carried out on the pmCherry-C1 plasmid to produce complementary sticky ends for subsequent ligation with SEP. Following restriction digest, samples were gel purified to confirm fragments of the correct size. DNA extraction, as previously described, was carried out to purify the cut fragments from the agarose gel.
For the ligation step, a ratio of 7.5:1 of DNA (SEP) to plasmid (pmCherry-C1) was used and ligation was carried out as per manufacturer’s instructions. The reaction was carried out overnight at 16oC. 
Following ligation of SEP-mCherry, transformation of this construct confirmed successful ligation alongside a double-restriction digest (See 2.1.2 for details on this protocol). The SEP-mCherry fusion was subjected to a restriction digest with BamH1 and EcoR1, as previously described. Following this, the sample was gel purified to detect the digested fragments of both SEP and mCherry as a way of confirming the ligation.

[bookmark: _Toc14951018][bookmark: _Toc45731464]2.1.1.2.5 Polymerase chain reaction (II and III)
The mitochondrial localisation sequence, ActA, was cloned from a larger construct. PEF6-BclxL-ActA (Eno et al., 2012) acted as a template for a PCR reaction, following the previously described protocol in 2.1.1.2.1. Here, the forward primer contained a complementary sequence to the beginning of ActA as well as an overhang at its 5’ end complementary to a portion of the multiple cloning site at the end of pmCherry-C1 (5’- CGGGATCCACCGGATCTAGATAACCTGATCCTGGCATGCTGGCCATC -3’), and a reverse primer complementary to the end of ActA as well as an overhang complementary to a portion of the multiple cloning site of pmCherry-C1, adjacent to that of the sequence that the forward primer was complementary to (5’- CAAATGTGGTATGGCTGATTATGATCAGTTGTTCTTGCGCAGCTGGATG -3’). Thus, this allows the effective insertion of ActA on to the end of mCherry, after SEP, without disturbing the DNA sequence of mCherry/SEP. The PCR protocol was carried out under the same conditions as previously described. Once again, the PCR product was gel purified for the detection of a smaller molecular weight band at 200 bp, indicating the presence of the ActA DNA fragment. The fragment was cut and DNA extraction was performed as per 2.1.1.2.3.
To successfully integrate the ActA product on to the end of mCherry-SEP, a second round of PCR was carried out. Here, the template used was mCherry-SEP. To 1 µl of the template, 10 µl of the ActA DNA product was used as a primer. The PCR protocol was altered to allow for a large gene product to be produced and hence the extension time was increased to allow complete extension.
The mCherry-SEP-ActA PCR product was transformed in E.coli and random colonies were selected for subsequent DNA preparation after overnight growth. Sequencing analysis confirmed the identity of mCherry-SEP-ActA. 
In addition, to successfully integrate Fis1 into CFP, a PCR reaction was set up, in which pcDNA3-CFP (addgene 13030) acted as the template and the Fis1 PCR product from the first round of PCR, acted as the primer. The Fis1 PCR product had complementary CFP overhangs to successfully integrate at the 3’ end of CFP. The PCR was carried out as described in 2.1.1.2.1. Following this, the PCR product was gel purified (2.1.1.2.2) to determine whether CFP and Fis1 were successfully fused. Finally, the CFP-Fis1/K149R was extracted from the gel and transformed in XL2-Blue ultracompetent E. coli before being sent for sequencing.

[bookmark: _Toc14951019][bookmark: _Toc45731465]2.1.2 Bacterial transformation and inoculation

[bookmark: _Toc14951020][bookmark: _Toc45731466]2.1.2.1 Principle
The process of transformation involves the uptake of DNA by a bacterium, which are capable of taking up DNA from their environment in the form of plasmids. In addition, bacteria are adapted to transfer genetic material between bacterial cells in a process known as conjugation whereby bacterial cells attach to one another through an extension called a pillus. The close contact between the two cells allows a single strand of plasmid DNA to feed into the recipient cell from the donor, which is then used to synthesis a complementary strand to complete the double-stranded circular plasmid. The ability of bacterial cells to take up DNA from their environment as well as transfer this DNA to other recipient bacterial cells can be utilised in scientific research. Here, recombinant DNA plasmids of interest are mixed with competent bacterial cells, that is, bacterial cells that are efficient in the uptake of DNA. The plasmid usually contains a selectable characteristic, such as an antibiotic resistant gene which allows detection of bacteria that contain the recombinant plasmid when plated onto antibiotic plates. Colonies of bacteria form, with each colony originating from a single bacterium. Transformation was first discovered in 1928 by Fredrick Griffith, but it wasn’t until some years later that DNA was discovered as being the transformative material (Avery et al., 1944). Since then, the principle has been put into practice across the world and has become an invaluable tool for the production of recombinant DNA. 
[bookmark: _Toc14951021][bookmark: _Toc45731467]2.1.2.2 Procedure
Transformation
To prevent transformation of any template DNA, the PCR product was subjected to treatment with the enzyme Dpn1. Dpn1 cleaves methylated DNA, and thus will degrade any template DNA but will spare naïve, newly synthesis DNA from the PCR reaction. To the PCR product (30 µl), 5U/µl of Dpn1 (Thermo Fisher Scientific) was added and heated to 37oC for 1 hr.
XL2-Blue ultracompetent cells (Agilent) or DH5α subcloning efficiency cells (Thermo Fisher Scientific) are strains of competent E. coli used in transformation described below and, unless stated, DH5α subcloning efficiency cells were primarily used. Competent cells were kept at -80oC for long term storage and thawed on ice when needed. To a pre-chilled microcentrifuge tube, 25 µl of competent cells were added. In the case of XL2-Blue ultracompetent cells, which were used for cloning work relating to the mito-pHfluorin (mCherry-SEP-ActA), 24 mM of β-mercaptoethanol was added to improve transformation efficiency and was mixed by gentle agitation of the microcentrifuge tube. After 10 minutes of incubation, 1 µl of DNA was added to the bacterial cell mixture and gently flicked to ensure good mixing of DNA with bacteria. The transformation mixture was left on ice for 30 min. Following this, the microcentrifuge tubes were placed in a 42oC water bath for 40 s only, in a process termed heat shock, and immediately placed on ice for a further 2 min. This allows for the expansion of the bacterial cell membrane and formation of pores to allow entry of plasmid DNA. After this, 800 µl of Lysogeny Broth (LB; Table 2) media was added to the transformation mix and placed in an incubator at 37oC on a platform shaker at 220 rpm for 1 hr. Following this, the bacterial cells were pelleted at 4000x g for 5 min and ~600 µl of supernatant was removed. Under sterile conditions in the presence of a flame, the bacterial cell pellet was mixed with the remaining supernatant and pipetted on to the centre of a LB agar plate containing the correct antibiotic: either ampicillin or kanamycin (Table 2). Using a sterile cell spreader, the bacterial cell solution was streaked across the plate to ensure even distribution of bacterial cells. Antibiotic plates were sealed with parafilm around the edges and placed, upside down, in an incubator at 37oC overnight.
Inoculation
Following successful growth of colonies, up to 3 colonies were randomly selected for inoculation. Colonies were picked using a sterile pipette tip and placed in 3 ml (mini-prep) or 50 ml (midi-prep) of pre-warmed LB media containing the appropriate antibiotic in a 5 ml centrifuge tube with the lid loose or 250 ml conical flask, respectively. The bacterial culture was allowed to grow overnight at 37oC on a platform shaker at 220 rpm until the culture became cloudy (reaching OD600).
Bacterial culture grown in 3 ml LB media was transferred to microcentrifuge tubes, whilst bacterial culture grown in 50 ml LB media was transferred to 50 ml centrifuge tubes. The smaller volume was centrifuged at 6,000x g for 2 min and the larger volume was centrifuged at 5,000x g for 10 min at RT to harvest successfully transformed cells. Plasmid DNA was extracted and purified using either the GeneJET Plasmid Midi-prep or Midi-prep kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. The plasmid DNA was eluted with 30 µl (midi-prep) or 300 µl (Midi-prep) of the provided elution buffer and the concentration was determined using a nanodrop1000 spectrophotometer (Thermo Fisher Scientific). 




Table 2. Showing the components of the materials required for Transformation and inoculation of bacterial cell cultures
 
	Materials
	Components

	Lysogeny Broth (LB) 
	25 g/L in dH2O (sterilised). Addition of 50 µg/ul of either Ampicillin or Kanamycin where required

	LB agar plate (with antibiotic)
	500 ml sterile LB media, 7.5g Agar (Bioline)
Addition of 50  µg/µl of either Ampicillin or Kanamycin prior to casting the plates




[bookmark: _Toc14951022][bookmark: _Toc45731468]2.1.3 Site-directed mutagenesis

[bookmark: _Toc14951023][bookmark: _Toc45731469]2.1.3.1 Principle
Site-directed mutagenesis is a molecular technique used to specifically introduce mutations at defined points in double-stranded plasmid DNA through base substitution, insertion or deletion. It is based on the PCR technique, described above, utilising primers which are not fully complementary to the template DNA so that they can anneal and introduce the mutation after several amplification cycles.
Mutagenesis techniques were employed to create several mutant forms of Fis1 (Fis1K67R, Fis1K119R, Fis1K149R, Fis1K151R Fis1Δ149-152 and to recreate the Parkinson’s disease causing R42P mutation in Parkin (ParkinR42P).

[bookmark: _Toc14951024][bookmark: _Toc45731470]2.1.3.2 Procedure
The experiment was set up as discussed in 2.1.1.2.1. Templates used included pcDNA3-Flag-Fis1 and YFP-Parkin, at a concentration of 1 ng/µl. Primers used at a concentration of 10 µM included: Flag-Fis1K67R (Forward primer 5’- TGCCCAAAGGGAGCAGAGAGGAACAGCGG -3’, Reverse primer 5’- CCGCTGTTCCTCTCTGCTCCCTTTGGGCA -3’), Flag-Fis1K119R (Forward primer 5’- TGATTGATAAGGCCATGAGGAAAGATGGACTGGTAGG -3’, Reverse primer 5’- CCTACCAGTCCACTTTCCTCATGGCCTTATCAATCA -3’), Flag-Fis1K149R (Forward primer 5’- GCTCAGGATTTGGACCTGGAGACAGCCAGTC -3’, Reverse primer 5’- GACTGGCTGTCTCCAAATCCTGAGC -3’), Flag-Fis1Δ149-152 (Forward primer 5’- ACTGGCTGTCTCCTGAGCGGCCGCTC -3’, Revers primer 5’- GAGCGGCCGCTCAGGAGACAGCCAGT -3’), Flag-Fis1K151R (Forward primer 5’- GCTCAGGATCTGGACTTGGAGACAGCCAGTC -3’, Reverse primer 5’- GACTGGCTGTCTCCAAGTCCACATCCTGAGC -3’) and finally ParkinR42P (Forward primer 5'-CGGCTGACCAGTTGCCTGTGATTTTCGCAGG-3', Reverse primer 5'-CCTGCGAAAATCACAGGCAACTGGTCAGCCG-3'). The PCR reaction was carried out as previously described (Polymerase chain reaction I) and the following parameters were inputted into the PCR machine with extension time differencing depending on the size of the fragment product needed (90 s/Kb):
95oC     3 min
95oC     30 s
60oC     30 s                       20 cycles
72oC     90 s *
72oC     7 min
4oC     Hold
Following the completion of PCR, the newly synthesised DNA was subjected to DPN1 treatment followed by transformation in DH5α bacterial cells and subsequent inoculation and DNA purification (2.1.2.2).




[bookmark: _Toc14951025][bookmark: _Toc45731471]2.1.3 Tissue culture

[bookmark: _Toc45731472]2.1.3.1 Principal
[bookmark: _Toc14951026]Human cell lines were used for the majority of the experiments in all chapters of this thesis. HeLa cells (European Collection of Cell Culture, No 93021013),  were originally derived from an adenocarcinoma of the cervix, in the early 1950’s by Dr Gey of John Hopkins hospital and became the first immortalised human cell line (Scherer et al., 1953). HEK-293 cells, originally derived from healthy embryonic kidney, were transformed by the addition of sheared adenovirus 5 DNA, leading to the incorporation of viral DNA into the chromosome 19 of the HEK cells (Russell et al., 1977). Since then, both of these cell types have been crucial to our understanding and modelling of human disease and are well recognised for their ease of transfection and use in certain assays, such as autophagy assays. In addition, a variant of HEK293 cells; HEK293 N3S cells were kindly provided by Ron Hay lab (University of Dundee) and were used where specified.

[bookmark: _Toc45731473]2.1.3.2 Procedure
[bookmark: _Hlk29719614]All cell lines were maintained in Dulbecco’s modified minimal essential medium (DMEM, Lonza), 10% foetal bovine serum (FBS, Gibco Life Technlogies), 1% glutamic acid and 1% penicillin/streptomycin at 37%, in humidified air supplemented with 5% CO2. Where specified, HEK293 N3S cells, stably expressing 6His-SUMO-2T90K, were also cultured in conditions described above. Cells were detached using trypsin-EDTA (1% w/v) when they reached the appropriate confluency (~70-90%). Cells were spun down (300x g for 2 mins) and resuspended in pre-warmed supplemented growth media described above. When freezing, cells were resuspended in 90% (v/v) FBS and 10% (v/v) dimethylsulphoxide (DMSO) at a density of around 1 x 107 cells/ml. The suspension was frozen slowly overnight at -20oC before being stored at -80oC. When required, the cryotube was transferred to a 37oC water bath until fully thawed, before being transferred into a flask containing pre-warmed growth medium for subculture. 

[bookmark: _Toc14951027][bookmark: _Toc45731474]2.1.4 Transfection

[bookmark: _Toc45731475]2.1.4.1 Procedure 
24 hours prior to transfection, cells were seeded on to 6 well plates and allowed to grow to a cell density of between 1.5 x105 – 2.5 x105. Transfection of DNA and siRNA was carried out using JetPrime® Polyplus-transfection reagent, following the manufacturer’s guidelines. Briefly, 200 µl of JetPrime® Buffer per well and up to 2 µg DNA or 50 mM of siRNA were mixed by vortexing. DNA in Chapter 3 of this thesis included pcDNA3-YFP (addgene 13033), YFP-Parkin (addgene 23955) and YFP-ParkinR42P which was generated by PCR based mutagenesis, described in more detail in 2.1.3. For Chapter 4 and 6 of this thesis, DNA used included the mito-pHfluorin, generated as previously described in 2.1.1 and 2.1.2, and mito-Keima (mKeima-Red-Mito-7; addgene 56018) which were both used at a concentration of 0.4 µg. In Chapter 5, Flag-Fis1 was used and generated by insertion of the relevant cDNA amplified from GST-Fis1, described previously (Guo et al., 2013), into the BamH1/Not1 sites of pcDNA3-Flag construct. Flag-Fis1 mutants were made by PCR-based mutagenesis, as described in 2.1.3. His-SUMO-1, His-SUMO-2 and Ubc9 were previously provided by R.T. Hay (Tatham et al., 2001). Following addition of DNA to the buffer, 4 µl of JetPrime® Transfection reagent was added and briefly vortexed and spun down. The transfection solution was incubated at RT for 10 min before gently pipetting 200 µl dropwise into each well. siRNA was synthesised by Eurofins for knockdown of hCHIP (5'-GAGGAAGAAGCGAGACAUC-3'), hParkin siRNA 1 (5'-CUUGGCUACUCCCUGCCUU-3'), hParkin siRNA 2 (5'-CAGCCAAAUUGCAGAAGAA-3') and hFis1 (CUACCGGCUCAAGGAAUAC and GGAAUACGAGAAGGCCUUA) as well as non-specific siRNA (5'-AGGUAGUGUAAUCGCCUUG-3'), whilst siRNA was purchased from Santa Cruz Biotechnology (Dallas, USA) for hSENP3 (sc-44451) consisting of a mixture of three different target-specific 19-25 nt siRNAs. After 24 hours post-transfection, when appropriate, treatment was applied to cultured cells; PBS and 1 mM Deferiprone (DFP) were applied for 24 hours and, when required, 50 nM Chloroquine (Santa Cruz) was applied for the last 12 hours prior to sample preparation.

[bookmark: _Toc14951028][bookmark: _Toc45731476]2.1.5 Sample preparation

[bookmark: _Toc14951029][bookmark: _Toc45731477]2.1.5.1 Considerations related to lysis buffer for preparation of whole cell lysates in the detection of SUMOylation
SENP enzymes require cysteine residues for their catalysis of SUMO deconjugation (Kumar and Zhang, 2015). The action of SENP deconjugation can be abolished by alkalying agents, such as N-ethylmaleimide (NEM). In experiments in which protein SUMOylation needs to be preserved, NEM at a concentration of 20 mM can be used in the lysis buffer in addition to the protease inhibitor cocktail (Roche). This interferes with the cysteine residues of SENP enzymes and prevents their action of deconjugating substrates.

[bookmark: _Toc14951030][bookmark: _Toc45731478]2.1.5.2 Procedure
Cells were harvested between 48 and 72 hours post-transfection. Media was aspirated and replaced with 1 ml ice cold PBS. Cells were scraped using a plastic cell scraper and cell suspension transferred to pre-cooled micro centrifuge tubes. Samples were centrifuged at 4oC, 300g for 2 min. PBS was aspirated from the pellet and replaced with 70 µl 1X TLB lysis buffer (Table 3). Cell suspension was resuspended in lysis buffer and kept on ice for 15 min. Lysate was sonicated at low frequency for short bursts of 5 seconds before being ultra-centrifuged at 12,000x g for 15 min at 4oC and either used immediately or stored at -20oC. 















Table 3.  Preparation of buffers for lysate sample preparation
	Buffer
	Composition

	2x TLB (stored at 4oC)
	40 mM Tris-HCl, pH 7.4, 274 mM NaCl, 4 mM  Na4P2O7 (sodium pyrophosphate), 4 mM EDTA, 2% Triton X-100 (Thermo Fisher Scientific), 50 mM β-glycerophosphate, 20% glycerol  

	1x TLB Lysis Buffer (with protease inhibitor)
	2x TLB buffer diluted 1:1 in dH2O, cOmplete protease inhibitor cocktail (Roche), 20 mM N-ethylmailemide (where appropriate, see 2.1.3.1) 




[bookmark: _Toc14951031][bookmark: _Toc45731479]2.1.6 Western Blotting

[bookmark: _Toc14951032][bookmark: _Toc45731480]2.1.6.1 Principle
Western blotting technique is a tool that allows identification of proteins based on their molecular weight and utilises specific antibody-antigen interactions for their detection. Not only does it allow the detection of specific proteins, it also provides information on their abundance within a whole cell lysate. First discovered in 1979 (Towbin et al., 1979), the method is based on three steps: (i) separation of proteins based on molecular weight through the use of SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE), (ii) transfer of proteins from the polyacrylamide gel to an appropriate membrane, such as polyvinylidene difluoride (PVDF) or nitrocellulose membranes, and (iii) detection of proteins through antibody-antigen interactions. In this last step, a specific primary antibody binds to its target protein and an appropriate enzyme-conjugated secondary antibody recognises the species the primary antibody was raised in, often mouse or rabbit. 

[bookmark: _Toc14951033][bookmark: _Toc45731481]2.1.6.2 Procedure
The process of Western botting involves initially separating the proteins through SDS-PAGE, utilising the properties of a polyacrylamide gel to separate the proteins based on molecular weight. 12 or 15% polyacrylamide resolving gels were prepared by mixing the reagents listed in Table 4 and cast between glass plates of a Bio-Rad Mini Protean II electrophoresis system, usually to a thickness of 1.0mm, however in cases of needing to load more sample per well, 1.5mm thickness was cast. After resolving gel had set, 4% polyacrylamide stacking gels were prepared (Table 4) and cast above the resolving gel. A comb was inserted between the two glass plates in order to create the wells in which protein samples were loaded (10 wells for 1 mm thickness, 15 wells for 1.5 mm thickness). The electrophoresis equipment was assembled as per the manufacturer’s instructions. The electrophoresis tank was filled with 1x electrophoresis running buffer (Table 5). 
Protein samples were prepared by mixing with 6x reducing sample buffer (Table 5), to reach a desired final concentration of 2x, denatured by the addition of Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and heated at 95oC for 5 min.
Protein samples alongside an SDS-PAGE molecular weight standard marker were loaded into the wells of the stacking gel. Where required, empty lanes were filled with 2x non-reducing sample buffer to separate out different samples. Electrophoresis was carried out at a constant voltage of 80 V through the stacking gel and 150 V through the resolving gel. Ice surrounding the electrophoresis chamber was used to ensure the temperature of the system did not get too hot to avoid melting of the gel. When the samples reached the end of the gel, indicated by the dye front, the power was stopped.
Once the gel-electrophoresis had completed its run, the resolving gel was removed from the glass plates and soaked in transfer buffer (Table 5). Immun-Blot PVDF Membrane (Bio-Rad Laboratories Inc) was cut to size and soaked in 100% methanol for approximately 10 seconds before being equilibrated in transfer buffer (Table 5) for 20 min, along with six pieces of 3MM paper (Whatman International) per gel. A semi-dry transfer approach was taken, using the Trans-blot Turbo blotting system (Bio-Rad Laboratories Inc). Three pieces of wetted 3MM paper were placed in the chamber with the PVDF membrane on top. This was covered by the gel and an additional three pieces of soaked 3MM paper was placed on top. The cassette was assembled, ensuring no air bubbles were trapped between the gel and PVDF membrane. Transfer was carried out with a constant voltage of 15 V for 1.5 hrs.
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Table 4. Preparation of discontinuous polyacrylamide gels for Western blotting. Reagents were added in the order indicated to prepare two-mini gels (8.3 cm x 6 cm; 1.0mm thickness)
	
	Resolving gel
	Resolving gel
15%
	Stacking gel
4%

	Reagents
	10%
	
	

	1.5 M Tris-HCl, pH 8.8
	2.5 ml
	2.5 ml
	-

	0.5 M Tris-HCl, pH 6.8
	-
	-
	1.25 ml

	30% Bis acrylamide
	3.4 ml
	5.0 ml
	0.64 ml

	Deionised H2O
	3.89 ml
	2.29 ml
	3.0 ml

	10% (w/v) SDS
	100 µl
	100 µl
	50 µl

	10% (w/v) ammonium persulphate
	100 µl
	100 µl
	50 µl

	TEMED  (Tetramethylethylenediamine)
	10  µl
	10 µl
	10 µl



Table 5. Preparation of buffers for Western blotting

	Buffers
	Composition

	6x reducing sample buffer
	375 mM Tris-HCl, pH 6.8, 30% (v/v) glycerol, 12% (w/v) SDS, 0.015% (w/v) bromophenol blue and 10% (v/v) TCEP (to be added prior to boiling sample)

	2x non-reducing sample buffer
	125 mM Tris-HCl, pH 6.8, 10% (v/v) glycerol, 4% (w/v) SDS and 0.005% (w/v) bromophenol blue and 10% (v/v) 

	10x running buffer
	250 mM Tris-HCL, pH 8.3, 1.92 M glycine, 1% (w/v) SDS.
Dilute in H2O for 1x working concentration

	Transfer buffer
	25 mM Tris-HCl, pH 8.3, 192 mM glycine, 20% (v/v) methanol (Fisher Chemicals)

	10x wash buffer (TBS-T) pH 7.4
	1.5 M NaCl, 150 mM Tris and 0.1% (v/v) Tween 20 (Polyoxyethylene sorbitane monolaureate)
Dilute in H2O for 1x working concentration









After the transfer, the PVDF membrane was removed from the cassette and carefully cut to size. The PVDF membrane was blocked in 5% (w/v) skimmed non-fat milk or 5% (w/v) BSA diluted in TBS with 0.1% (v/v) Tween-20 (1x TBS-T Wash buffer; Table 5) at RT for 1 hr to block non-specific binding sites in preparation for the addition of the primary antibody. Following this, the membrane was incubated with primary antibody overnight at 4oC in 2% (w/v) skimmed non-fat milk or 2% (w/v) BSA diluted in TBS-T. The following commercially available primary antibodies were used from Cell Signalling Technologies (Danvers, USA) LC3 A/B (4108, 1:1000), SENP3, (5591, 1:2000), CHIP (2080, 1:1000), SUMO-2/3 (4971, 1:1000) from Santa Cruz Biotechnology (Dallas, USA) Parkin (sc-32282, 1:1000), GAPDH (sc-32233, 1:5000), VDAC (sc-98708, 1:1000), GFP (sc-8334, 1:1000; sc-9996, 1:3000) from ProteinTech Group (Manchester, UK) β-Actin (60008-1-Ig, 1:10,000), Flag (DDDDK) tag (66009-2-Ig, 1:3000), Fis1 (10956-1-AP, 1:3000), SENP5 (19529-1-AP, 1:1000). Any unbound primary antibody was removed by three thorough washes in TBS-T for 10 min each. The membrane was then incubated in an appropriate secondary antibody, diluted in 2% (w/v) skimmed non-fat milk or 2% (w/v) BSA in TBS-T for 1 hr at RT. Once again, three washes in TBS-T, 10 min each, washed away any unbound secondary antibody and the membrane was ready for visualising by one of two methods, depending on the type of secondary antibody.

For HRP-conjugated secondary antibodies (Thermo Fisher Scientific), a standard ECL chemiluminescence procedure (Amersham Pharmacia Biotech) was performed in a dark room according to the manufacturer’s instructions. The two working solutions provided were mixed in a 1:1 ratio and pipetted on to a smooth sheet of cling film (approximately 0.3-0.5 ml per blot). The membrane was gently placed, protein side down, onto the ECL mixture and left to incubate at RT for 5 min. After, excess ECL solution was removed by gently holding the membrane with forceps and touching its edge against tissue. The membrane was then wrapped in cling film and secured in a cassette. To detect the protein, CL-XPosure X-ray film (Thermo Fisher Scientific) was placed against the wrapped membrane in a cassette; exposure time varied from 10s – 20 min. The film was passed through an X-ray processor, taking it through a series of steps of fixation and washes. Exposure time was adjusted accordingly. 
Immunoreactive bands of X-ray films were scanned and analysed using the NIH ImageJ software programme. The identity of proteins of interest was confirmed through estimation of the molecular weight, using pre-stained protein ladders.
Following chemiluminescence detection, membranes were often used again to detect additional proteins. For this it was sometimes necessary to strip the membrane of previously bound antibodies. Membranes were washed three times in TST-T for 10 min each, then submerged in a mild stripping buffer (ThermoFisher) at 37oC for 30 min, followed by two 10 min washes in TBS-T. A blocking step followed, as previously described, and the membrane was re-probed with the appropriate antibody.
In the cases where the secondary antibody was not an HRP-linked antibody, a fluorescently-tagged antibody was used instead from LiCor (Nebraska, USA), IRDye® 800 and IRDye® 680 (1:12,000). For this, the ECL chemiluminescence approach was not suitable and membranes were visualised directly using a LiCor Odessey blot imager. Incubation of the fluorescently-labelled secondary antibody and subsequent wash steps were done in the absence of light, that is that the box containing the membrane was blacked out or covered with tin foil to avoid excitation of the fluorophore. After the final wash, the membrane was visualised using a LiCor Odessey blot imager. The membrane was placed protein side down and visualised with specific wavelengths of light, depending on the wavelength of light the fluorophore was activated by. The fluorescently-tagged antibody was activated by the light, causing it to fluoresce and an image captured on the machine. 
Subsequent quantification of proteins of interest was done using the NIH ImageJ software programme relative to the control.

[bookmark: _Toc14951034][bookmark: _Toc45731482]2.1.7 Affinity Histidine purification

[bookmark: _Toc14951035][bookmark: _Toc45731483]2.1.7.1 Principle
Purification assays are an extremely useful method for identifying novel interacting partners or to validate predicted protein-protein interactions. Histidine (His) tag purification works on the basis of immobilized metal ion affinity chromatography (IMAC), developed by Porath (1975) whereby certain protein residues, such as histidine, interact with cations of transition metals (Porath et al., 1975). A his-tag, or polyhistidine tag, is a string of histidine residues at the N or C terminus of a recombinant protein, commonly six histidine residues in length and is referred to as a hexahistidine tag. Histidine exhibits one of the strongest interactions with immobilized metal ions out of all the amino acids; electron donor groups on the histidine imidazole ring form strong coordination bonds with the transition metal and are retained.
The basic principle of this technique is that recombinant proteins containing the His-tag will bind to metal ions, usually Ni2+, and are subsequently eluted and separated using SDS-PAGE gel electrophoresis for Western blotting (see above). Any interacting partner of the recombinant protein can be detected by immunoblotting using the appropriate antibodies. 

[bookmark: _Toc14951036][bookmark: _Toc45731484]2.1.7.2 Procedure
Under denaturing conditions, this is a powerful tool to identify protein-protein interactions. Denaturing conditions can preserve interactions between the recombinant protein and its interacting partner. In the case of detecting SUMO substrates, this is particularly important since the modification is very transient. Furthermore, the proportion of SUMOylated substrate proteins compared with their non-modified counterparts is usually low and every effort to preserve the SUMO modified protein needs to be made in order to detect it easily. Denaturing conditions allow a more stringent identification of strong covalent interactions and reduce the chance of a false positive result since only covalent interactions are preserved, eliminating the detection of weak SUMO interactions. Furthermore, the chances of a false negative result are also reduced by denaturing the enzymes responsible for reversing the modification, thus protecting the SUMOylated protein. 

Cells expressing the recombinant 6His-SUMO-2 protein (either transiently or stably) were grown on 6 well plates. All media was aspirated and 200 µl of ice cold PBS was added to each well. Cells were scraped using cell scrapers and the cell suspension was pipetted into 1.5 ml Eppendorf tubes, with 10% (120 µl) of the sample being used as the input. The samples were spun down in a centrifuge at 200g for 4 min at 4oC. The supernatant was removed, and cells were suspended in cell lysis buffer containing 6M Guanidinium-HCl (Table 6). The cells for use as the input were resuspended in 1x TLB lysis buffer containing protease inhibitor (Table 3). To the samples that were to be used for the His-Purification assay, 5 mM β-mercaptoethanol and 5 mM imidazole was added.
Samples were sonicated briefly at low power with a small probe. After this, the cell lysates were centrifuged at 3000x g for 15 min at 4oC to sediment any large material. The supernatant was removed from the pellet and care was taken to ensure the pellet was not disrupted as this could contaminate the beads in later steps.
Ni2+-NTA agarose beads (Qiagen) were prepared by pipetting 40 µl of the beads into a 1.5 ml microcentrifuge tube with 1 ml cell lysis buffer (Table 6). Beads were washed by inverting several times and spun down in a centrifuge at 12000x g for 1 min at RT. This was repeated a further 3 times and levels of beads were checked between experiments to ensure the same amount was used for each. The cell lysis buffer was removed and the supernatant from the cell lysate was added. Beads were incubated with the lysate overnight at 4oC on a rotator. In addition, 2x sample buffer was added to the 10% lysate for use as an input and stored at -20oC.
After overnight incubation, the beads were washed in a series of buffers to remove any non-specific bound proteins. All centrifuge steps were carried out at 12000x g for 1 min at RT. Firstly, the beads were spun down and the supernatant was removed. 1ml of wash buffer I was added to the beads and inverted to mix (Table 6). This was spun down and the supernatant again removed; a meniscus of ~20 µl was left to prevent loss of beads during the wash steps. Next, a second wash step was carried out using 1 ml of wash buffer II (Table 6). After the beads had been spun down, the supernatant was removed, and this was followed by two wash steps; each with 1ml of wash buffer 3 (Table 6). The final wash step used 1ml of PBS and the beads were then ready for elution. After aspirating as much of the supernatant as possible, 40 µl of elution buffer (Table 6) was added to the beads and left to elute at RT for 30 min. To aid this, the beads were put on to a rotator. After, a volume of eluted protein was prepared for SDS-PAGE gel electrophoresis by boiling (3 min 95oC) and spinning down for 2 min in a table top centrifuge at 5000x g and analysed by Western blot (2.1.6.2). Meanwhile, 10% lysate samples were prepared as previously stated (2.1.5.2).


Table 6. Preparation of buffers for His-purification 

	Buffers
	Composition

	Sodium phosphate buffer
	0.2 M Na2HPO4 (disodium phosphate) and 0.2 M NaH2PO4 (monosodium phosphate)

	Cell lysis buffer I pH 8.0 
	6 M Guanidinium-HCl,10 mM Tris and 100 mM sodium phosphate buffer pH 8.0.

	Wash buffer I pH 8.0
	6 M Guanidinium-HCl,10 mM Tris, 100 mM sodium phosphate buffer pH 8.0, 0.1% (v/v) Triton X-100 (Thermo Fisher Scientific) and 5 mM β-mercaptoethanol.

	Wash buffer II pH 8.0
	8 M Urea, 10 mM Tris and 100 mM sodium phosphate buffer pH 8.0, 0.1% (v/v) Triton X-100 (Thermo Fisher Scientific)  and 5 mM β-mercaptoethanol.

	Wash buffer III pH 6.3
	8 M Urea, 10 mM Tris, 100 mM sodium phosphate buffer pH 6.3, 0.1% (v/v) Triton X-100 (Thermo Fisher Scientific) and 5 mM β-mercaptoethanol.

	Elution buffer
	200 mM Imidazole, 5% (w/v) SDS, 150 mM Tris-HCl pH 6.7, 30% (v/v) glycerol, 720 mM β-mercaptoethanol and 0.0025% (w/v) bromophenol blue




[bookmark: _Toc45731485]2.1.8 GFP-Trap
[bookmark: _Toc45731486]Principle
GFP-pulldown, or GFP-Trap as it will be referred to hereafter, is a method utilised to pull down a GFP-tagged fusion protein, known as bait proteins, using GFP-bound agarose or magnetic beads. Immunoprecipitation is used to detect interactions with other proteins, termed prey proteins, which will be present in the pulldown if the GFP-fusion protein binds directly or indirectly with said protein. Variants of GFP, such as the yellow fluorescent protein (YFP), due to high amino acid sequence similarity, are also compatible with this method. GFP-Trap® Agarose kit was purchased from Chromotek and the manufacturer’s instructions were followed. 
[bookmark: _Toc45731487]Protocol
HeLa cells were used in a GFP-Trap experiment to determine interactions between YFP-Parkin and CHIP. YFP-Parkin was transfected into HeLa as per the protocol set out in 2.1.4. After 48 hr, cells were harvested following the protocol described in 2.1.5.2 and cell lysates were diluted with 300 µl wash buffer (Table 7). Meanwhile, GFP-Trap beads and 25 µl bead slurry was pipetted into a microcentrifuge tube in which 500 µl ice cold wash buffer was added. The mixture was centrifuged at 2,500x g for 2 min at 4oC. Supernatant was discarded and washed with wash buffer, which was repeated twice more. Lysate and equilibrated GFP-Trap beads were combined and mixed continuously for 1 hr at 4 oC. Following this, the mixture was centrifuged at 2,500x g for 2 min at 4 oC and supernatant was discarded. To the beads, 500 µl of ice cold wash buffer was added and centrifuged as before. This wash was repeated a further two times. To elute the YFP-Parkin/protein complexes from the beads, 50 µl 2x SDS-sample buffer was added and beads were boiled at 95 oC for for 10 min. The sample was centrifuged as before to pellet the GFP-Trap beads and Western blot analysis was performed with the supernatant (see 2.1.6.2 for details of Western Blotting and antibody concentrations). 




	Buffers
	Composition

	Wash Buffer
	10 mM Tris/Cl pH 7.5; 150 mM NaCl; 0.5 mM EDTA


	2X SDS-Sample buffer
	125 mM Tris-HCl, pH 6.8, 10% (v/v) glycerol, 4% (w/v) SDS and 0.005% (w/v) bromophenol blue and 10% (v/v), TCEP (to be added prior to boiling sample)


Table 7. Buffers and reagents used for GFP-Trap procedure



[bookmark: _Toc14951037][bookmark: _Toc45731488]2.1.9 Cell fractionation assay

[bookmark: _Toc14951038][bookmark: _Toc45731489]2.1.9.1 Principle
Cell fractionation is the process of producing fractions of cell components. The process typically involves two basic steps: disruption of the tissue/cell sample and lysis of the cells, followed by centrifugation. Mechanical disruption of the sample is common; however this may disrupt mitochondrial membranes, causing release of proteins into the sample. There are now newer protocols that are based on sequential detergent-extraction of cytosolic and mitochondrial proteins that eliminate the need for mechanical disruption. The prepared cellular fractions (cytosolic, mitochondrial and nuclear) can be used for Western blotting to determine the relative distribution of proteins within these cellular fractions. Thus, cell fractionation is a useful tool to study translocation of proteins between these cellular compartments. The Abcam standard cell fractionation kit provides a rapid protocol for separating these cellular fractions whilst avoiding the need for mechanical disruption. In the first step, the plasma membrane is selectively permeabilized with the detergent provided. The next step separates the cytosolic protein fraction from the remainder of the cells that contain intact mitochondria and nuclei by centrifugation. Mitochondrial proteins are then extracted and separated from the nuclei-containing fraction by another centrifugation step.

[bookmark: _Toc14951039][bookmark: _Toc45731490]2.1.9.2 Procedure 
HeLa cells were used throughout all cell fractionation assays. Cells were allowed to grow on the bottom of a 6 well plate to around 1.5 x106 cells per well. Following transfection of 0.8 µg Flag-Fis1, Flag-Fis1K149R and Flag-Fis1-SUMO-2ΔGG at a concentration of, cells were harvested by scraping into a 15 ml conical centrifuge tube and centrifuged at 300x g for 5 min at RT. Cells were resuspended in 500 µl Buffer A and 10% volume was transferred to a 1.5ml tube and kept as the whole cell lysate. The remaining suspension was centrifuged again at 300x g for 5 min at RT. Buffer B was prepared following the manufacturer’s instructions and the cell pellet was resuspended in 500 µl of Buffer B and transferred to a 1.5 ml tube. The suspension was incubated at RT for 7 min on a rotator before being centrifuged at 5000x g for 1 min at 4oC. The supernatant was removed and collected in a separate tube. The supernatant was subjected to a further spin at 10,000x g for 1 min at 4oC. The supernatant was collected and saved as the cytosol-containing fraction. The pellet from this centrifuge and the one previous were recombined by resuspending in 500 µl of Buffer C, made according to the manufacturer’s instructions. This suspension was incubated at RT for 10 min on a rotator before another centrifuge at 5000x g for 1 min at 4oC. The supernatant was removed and pipetted into a separate tube which again, was subjected to another centrifuge at 10,000x g for 1 min at 4oC. The supernatant was removed and collected as the mitochondrial-containing fraction. Finally, the pellet from this spin and the one previous were recombined and resuspended in 500 µl Buffer A; this is the nucleus-containing fraction. Whole cell lysate and nucleus-containing fraction were sonicated at level 5 for ~5 seconds as presence of DNA in the nucleic fraction causes high viscosity. Prior to loading the samples on an SDS-PAGE gel, the volume required for loading was mixed with 5x SDS sample buffer containing DTT provided in the kit.

[bookmark: _Toc14951040][bookmark: _Toc45731491]2.1.10 Immuno-fluorescent microscopy
[bookmark: _Toc14951041][bookmark: _Toc45731492]2.1.10.1 Principle
Fluorescence microscopy is a tool which is used to study the properties of cells, in particular proteins, lipids and ions, either in real-time or at a particular point of fixation. The underlying principle of fluorescence microscopy involves the emission and subsequent absorption of light of a particular wavelength by a fluorophore, causing the fluorophore to become excited and emit its own, distinct, wavelength of light that is picked up by the instrument. Energy is lost during this process and so the emitted photon has less energy than the absorbed, producing light with a longer wavelength and therefore different colour. Confocal microscopy was predominantly used in this thesis. Confocal microscopy generally achieves images of better quality than standard light microscopes through use of a pinhole to block light that is out of focus.

[bookmark: _Toc14951042][bookmark: _Toc45731493]2.1.10.1 Procedure
HeLa cells were seeded at an appropriate density onto a 35mm glass bottom µ-Dish (ibidi ®) by pipetting 400 µl cell suspension into the inner well of the µ-Dish. Cells were grown in supplemented DMEM (growth media) and left to attach to the glass bottom for at least 1 hr before 1.6 ml growth media was added to ensure optimal growth conditions, being careful not to disturb to cells. The µ-Dish was covered with the lid in the lock position to minimise evaporation of the media (1% when kept at 95% humidity) and incubated at 37oC, in humidified air with 5% CO2.  
After transfection following the Polyplus JetPrime transfection protocol, and treatment with PBS or DFP, cells were ready to be visualised 48 - 72 hrs post transfection. At the end of culture, all media was aspirated and cells were washed three times in 1 ml volume of pre-warmed 1x PBS with gentle rocking for 3 min. After aspiration, cells were fixed by the addition of pre-warmed 4% PFA (Paraformaldehyde) and left at RT for 15 min. PFA was removed by aspiration, followed by three more washes in 1 ml 1x PBS. In cases where cells were transfected with fluorescent proteins and no immunofluorescence was needed, a final volume of 1 ml 1x PBS was left to cover the HeLa cells. Foil was used to envelope the µ-Dish to protect the cells from light, and stored at 4oC until use. For immunofluorescence, the procedure was continued by addition of 0.3% permeabilisation buffer for 10 min (Table 8). The buffer was then aspirated and cells washed three times in 1 ml PBS for 3 min with gentle rocking. Following this, cells were incubated in blocking buffer containing fish skin gelatin for 1 hr to block non-specific binding (Table 8). Appropriate primary antibodies were diluted in blocking buffer and cells were incubated at RT for 1 hr or 4oC overnight. Fis1 (10956-1-AP, 1:250) and Flag (66099-2-Ig, 1:300) antibodies (purchased from ProteinTech Group), SENP3 (5591, 1:300) (purchased from Cell Signalling Technologies) and GFP (sc 9996, 1:500) (purchased Santa Cruz Biotechnologies), were used in immunofluorescence experiments in the stated dilution ratios. Primary antibody solution was removed and cells were washed as before in PBS to remove unbound primary antibody. Secondary fluorescently-conjugated antibodies, raised against the primary antibody species, were diluted 1:1000 in blocking buffer and cells were incubated in the secondary antibody for 1.5 hrs, in the absence of light at all times by covering dishes with foil. Antibodies used were purchased from ThermoFisher and included: Alexa Fluor 405 (A31553); Alexa Fluor 680 (A32802). Following this, washes were again carried out as before and a final volume of 1x PBS was added to the cells. The cells were analysed immediately with either an inverted fluorescence microscope (Axiovert 200 M; Carl Zeiss Microimaging, Inc.) with thanks to Ewald Hettema lab, or a confocal microscope (Zeiss LSM 880 Airyscan) within the Wolfson Light Microscope Facility at the University of Sheffield. 



Table 8. Preparation of buffers used for immunocytochemistry 


	Buffer
	Composition

	Permeablisation buffer
	1x PBS, 0.3% Triton X-100  (Thermo Fisher Scientific)

	Blocking buffer
	1x PBS, 0.01% Triton X-100 (Thermo Fisher Scientific), 0.4% Fish Skin Gelatin




[bookmark: _Toc14951043][bookmark: _Toc45731494]2.1.10.2 Quantification of autolysosomes
To successfully quantify the mitochondria-containing autolysosomes labelled with mito-pHfluorin, the mean fluorescent intensity (a.u) was measured. This was achieved using ImageJ software. Mean background fluorescence was taken and red only puncta were measured for their fluorescence by carefully drawing around the edge of the puncta boundary. Corrected total fluorescence was calculated and normalising against background fluorescence. This method factors in the size, shape and fluorescent contents of each puncta to achieve a robust method of quantification. 

[bookmark: _Toc45731495]2.1.11 Statistics 
Data analysis was carried out using GraphPad Prism 8 software. Histograms were generated, and data was analysed with the appropriate statistical analysis method, which includes paired and un-paired Student’s t-test, and is described in more detail in with the associated results.
[bookmark: _Toc45731496]2.1.12 Materials purchased from sigma
[bookmark: _Toc45731497]2.1.12.1 Chemicals and reagents used for culture of cells (including bacterial cultures)
Phosphate buffered saline (PBS) 10x, sterile distilled H2O, Trypsin, Ethylenedinitrilo)tetraacetic acid (EDTA), dimethylsulphoxide (DMSO), L-glutamic acid, Penicillin-Streptomycin; Ampicillin, Kanamycin and LB broth 
[bookmark: _Toc45731498]2..1.12.2 Chemicals and reagents used in sample preparation
PBS, Trizama® base (Tris-HCl base), sodium chloride (NaCl), sodium pyrophosphate (Na4P2O7), EDTA, Triton X-100 (Thermo Fisher Scientific), β-glycerophosphate, sodium dodecyl sulfate (SDS), N-Ethylmaleimide (NEM), glycerol, bromophenol blue and Tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and 3-Hydroxy-1,2-dimethyl-4(1H)-pyridone (Deferiprone).
[bookmark: _Toc45731499]2.1.12.3 Chemicals and reagents used in sample analysis
Trizma® base, Bis-acrylamide, SDS, ammonium persulphate, Tetramethylethylenediamine (TEMED), glycine, sodium chloride (NaCl), Polyoxyethylene sorbitane monolaureate (TWEEN 20), skimmed non-fat milk, Bovine serum albumin (BSA), disodium phosphate (Na2HPO4), monosodium phosphate (NaH2PO4), Guanidinium-HCl, Triton X-100 (Thermo Fisher Scientific), β-mercaptoethanol, Urea, imidazole, gelatin from cold water fish skin, agarose. 








[bookmark: _Toc45731500]Chapter 3. Regulation of SENP3 by E3 ubiquitin ligases in iron-chelation induced mitophagy










[bookmark: _Toc45731501]3.1 Background
Deferiprone (DFP), is an orally-active iron-chelator (1,2 dimethyl-3-hydroxypyrid-4-1) used in the treatment of iron overload in Thalassaemia major. It is a synthetic compound first designed in 1984, and, after extensive studies concerning the efficacy and toxicity of the drug, was finally approved for marketing in Europe in early 2002 (Hider et al., 1984; Hoffbrand et al., 2003). It functions as an iron chelator, meaning that it binds to free iron (Fe3+) in the cell (or in the blood plasma) AT a 3:1 ratio and is excreted out of the body primarily through urine (90%) (Galanello, 2007). Whilst it has been studied extensively for the treatment of Thalassaemia major, it is currently undergoing drug repurposing. This refers to the use of already approved drugs for the treatment of conditions for which it is otherwise approved for. Of particular importance is its current status in phase II clinical trials for the treatment of Parkinson’s disease (Martin-Bastida et al., 2017). Iron overload has been implicated in the pathogenesis of Parkinson’s disease and it has been shown that the substantia nigra, where the dopaminergic population of neurons affected in Parkinson’s disease selectively degenerate, is the major region for iron deposition in Parkinson’s disease brains (An et al., 2018; Ghassaban et al., 2019).
Whilst it is primarily regarded as an iron-chelator, in vitro studies using the drug have identified a secondary role; its involvement in mitochondrial autophagy, termed mitophagy (Allen et al., 2013).
Both SUMOylation, and its reverse modification, deSUMOylation, have wide-spread effects within the cell and are known to interfere with a target protein’s localisation, activity and interactions with other proteins.  Previously, it has been confirmed through co-localisation studies that SUMO proteins, namely SUMO-1, localises to lysosomes in the affected brain regions of certain human disease, as well as in cell culture models, which provides an initial link between SUMOylation and general autophagy (Weetman et al., 2013). However, SUMOylation/deSUMOylation in the context of mitophagy, that is the specific autophagic removal of damaged mitochondria, has not been explored in any detail.
SUMOylation has been studied in several neurodegenerative diseases in which autophagy/mitophagy is heavily implicated, including Alzheimer’s disease and Parkinson’s disease and SUMOylation levels have been shown to be altered, either through an increase in specific SUMOylated targets such as α-synuclein, or through changes in global SUMOylation levels (Rott et al., 2017; Maruyama et al., 2018). Changes in SUMOylation with aging and disease may be as a result of alterations in deSUMOylation enzymes. In neurons of mice for example, decreases in SENP2 lead to apoptosis and mitochondria-mediated neurodegeneration as a result of an increase in Drp1 SUMO-1-ylation. Another SUMO protease, SENP3, was also found to have altered expression levels in microarray analysis of a region in sporadic Alzheimer’s disease patient brains that is affected in the progression of the disease, the inferior parietal lobe (Weeraratna et al., 2007; Greene et al., 2010). In addition, SENP5 was also identified in an RNA-sequencing screen as being downregulated in Alzhemier’s disease brains in the region of the frontal cortex (P Bennett and M Keeney, 2017). Thus, changes in deSUMOylation enzymes can alter levels of SUMO-conjugated proteins and regulation of deSUMOylation enzymes is therefore important to global SUMO conjugation levels.
SENP3 and SENP5, belonging to a family of Sentrin/SUMO-specific proteases, can deSUMOylate SUMO-modified protein targets, with significant preference for SUMO-2/3. SENP3 mainly resides in the nucleolus but has been shown to translocate to other areas under cellular stress (Huang et al., 2009). In addition, a number of its substrates are known cytosolic proteins, including at the mitochondria, raising the possibility that there may be a pool of cytosolic SENP3 as well (Guo et al., 2013). The localisation of SENP5 is possibly better understood. Like SENP3, SENP5 has a nucleolus localisation, however SENP5 has been reported to localise to the mitochondria as well through co-staining experiments in hippocampal neurons with the mitochondrial marker, TOM20 (Gong and Yeh, 2006; Akiyama et al., 2018). The balance between SUMOylation and deSUMOylation has been shown to have a range of effects and the regulation of the two have important roles in determining the fate of the localisation and/or activity of the target protein. Despite this, very little is known about the regulation of SENP3/SENP5 or indeed, the regulation of SENPs altogether.
Although the regulation of SENPs is not completely understood, it is known that SENP3 itself is regulated, at the post-translational level, through continuous ubiquitination under basal conditions by the E3 ubiquitin ligase CHIP. This can be impaired through the recruitment of Hsp90 to SENP3 upon mild oxidative stress, which protects SENP3 from CHIP-mediated ubiquitination (Yan et al., 2010). Whilst it is clear that SENP3 is regulated by CHIP under basal conditions, less is known about the regulation of SENP3 outside of basal condition and more needs to be down to fully understand how SENP3 levels are controlled.
Based on this, the objective of this chapter was to examine the involvement of SUMOylation in a DFP-induced mitophagy pathway, with focus on the regulation of the SUMO protease, SENP3. A link between SENP3 and mitophagy was explored here initially through observations of changes in the E3 ubiquitin ligase, CHIP. In addition to the known regulation of SENP3 via CHIP, Parkin regulation of SENP3 was also explored.

[bookmark: _Hlk30448584][bookmark: _Toc45731502]3.2 Results
[bookmark: _Toc45731503]3.2.1 Conjugation of SUMO-2/3 is reduced upon DFP treatment
As global and specific SUMOylation levels have previously been shown to be altered in diseases associated with mitophagy and autophagy defects, the role of SUMOylation was explored in DFP-induced mitophagy to better understand the alternative mitophagy pathway. To ascertain the involvement of SUMOylation proteins in iron-chelation induced mitophagy, HeLa cells were subjected to treatment with DFP. Protein samples in treated cells and control cells (treated with PBS) were analysed by Western blotting for the presence of SUMO-1 or SUMO-2/3 conjugates as an indicator of the level of SUMO-1-ylation and SUMO-2/3-ylation respectively. The chimney-like style of bands in both conditions reflects the many SUMO targets in the cells. Comparison with molecular weight markers revealed SUMO-1 conjugates in the range of 25 kDa to 130 kDa and SUMO-2/3 conjugates in the range of 35 kDa to >250 kDa in both conditions (Fig. 3.1). Whilst the intensity of the SUMO-1 conjugated bands did not appear to differ between control and DFP treated cells, the presence of SUMO-2/3 conjugates was diminished, as evidenced by the decrease in band intensity, in cells treated with DFP. This was quantified against the loading control, β-Actin, which remained unchanged throughout treatment conditions (Fig. 3.1 B,D). The decrease in SUMO-2/3 conjugates suggests that DFP negatively affects SUMO-2/3-ylation levels.
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Figure 3.1 Conjugation of SUMO-2/3 is reduced upon DFP treatment.  A) HeLa cells were treated with 1 mM DFP for 24 h. Protein samples were analysed by Western blot for the presence of SUMO-2/3 conjugates. B) Quantification and analysis of DFP treatment on SUMO-2/3 conjugation (n=5; **, p<0.01; paired-t test) HeLa cells were treated with 1 mM DFP for 24 h. Protein samples were analysed by Western blot for the presence of SUMO-1 conjugates. D) Treatment of HeLa cells with DFP does not change global SUMO-1-ylation (n=5; N.S., not significant; paired-t test). 




[bookmark: _Toc45731504]3.2.2 Effect of DFP treatment on levels of the deSUMOylation enzymes SENP3 and SENP5
SUMO-2/3 conjugation levels are affected by DFP treatment which suggest either SUMO-2/3 proteins are being directly downregulated/degraded, or the deSUMOylation enzymes responsible for SUMO-2/3 deconjugation are being upregulated/stabilised upon DFP treatment. SENP3 and SENP5 both effectively deconjugate SUMO-2/3-ylated targets, for which they have a much greater preference for over SUMO-1. Alongside a decrease in SUMO-2/3 conjugates upon DFP treatment, protein expression of SENP5 was observed under the same conditions. Western blot analysis showed the presence of SENP5 in both control and DFP treated cells which, upon further quantification, showed comparable levels (Fig. 3.2). Further to this, levels of SENP3 protein were also observed. Here, Western blot analysis detected a significant increase in SENP3 protein expression after 24 hrs of DFP treatment (1 mM) to more than double that of the control cells (p < 0.01) (Fig 3.2). Therefore, SENP3 levels are affected by DFP treatment.

[bookmark: _Toc45731505]3.2.3 CHIP protein levels are reduced in cells treated with DFP
Regulation of SENP3 is thought to come about, at least at the post-transcriptional level, through ubiquitination by the E3 ubiquitin ligase, CHIP, followed by proteasomal degradation (Yan et al., 2010). To further explore the mechanism through which DFP treatment causes a downregulation of SUMO-2/3 conjugates, the E3 Ubiquitin ligase, CHIP, was observed for alterations in protein levels between control and DFP treated cells. It was hypothesised that DFP may act through CHIP to bring about the increase in SENP3, possibly through degradation of CHIP, although this was not explored in this experiment. As expected, DFP treatment caused a downregulation of CHIP protein levels as confirmed by Western blot analysis (Fig. 3.3 A). This decrease was substantial and significant (p > 0.001) (Fig. 3.3 B).
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Figure 3.2 DFP treatment causes an increase in SENP3 protein levels. A) HeLa cells were treated with 1 mM DFP for 24 h. Protein samples were analysed by Western blot for the presence of SENP3. B) Treatment of HeLa cells with DFP lead to increased levels of SENP3 (n=8, **p<0.01; N.S., not significant; paired-t test). C) HeLa cells were treated with 1 mM DFP for 24 h. Protein samples were analysed by Western blot for the presence of SENP5. D) Treatment of HeLa cells with DFP (1mM for 24 h) does not change levels of SENP5 (n=5; N.S., not significant; paired-t test). 
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Figure 3.3 The iron-chelation drug DFP decreases CHIP levels upon treatment. 
A) HeLa cells were treated with 1mM DFP for 24 h and Western Blot analysis was performed to detected levels of CHIP. B) Treatment of HeLa cells with DFP (1mM for 24 h) decreases levels of CHIP (n=8, ***p<0.001; paired t-test) 
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[bookmark: _Toc45731506]3.2.4 CHIP regulates SENP3, but not SENP5
CHIP has previously been shown to regulate SENP3 under basal conditions in HeLa cells (Yan et al., 2010). Therefore, the ability of CHIP to regulate SENP3 was confirmed, alongside SENP5, whose regulation is less clear. Whole cell lysate samples were analysed by Western blot in which cells had been transiently transfected with siRNA: Nsi or CHIPi. Knockdown efficiency of CHIP was confirmed as ~75%. Immunoblot for SENP3 revealed a significant increase in SENP3 levels with CHIP knockdown compared to control levels. As predicted, SENP5 remained unchanged by the decrease in CHIP (Fig. 3.4).

[bookmark: _Toc45731507]3.2.5 No further increase in SENP3 levels with DFP treatment in a CHIP knockdown background
Either SENP3 or CHIP was transiently knocked down using siRNA (SENP3i or CHIPi) against human SENP3 and CHIP (Fig. 3.5). Non-specific (Nsi) siRNA was transiently expressed as a control. RNAi-mediated knockdown at the protein level was confirmed through Western blot analysis; SENP3 was successfully knocked down (lanes 3-4) as was CHIP (lanes 5-6) whilst the introduction of Nsi had no effect on protein levels of SENP3 and CHIP as confirmed though immunoblot with appropriate antibodies raised against the aforementioned proteins (Fig. 3.5). As previously shown, DFP treatment caused a downregulation of CHIP and an increase in SENP3 (Fig. 3.5; lanes 1-2). Transient transfection of SENP3 siRNA successfully knocked down SENP3 levels and DFP treatment did not affect levels of SENP3 compared to the control treated cells, which both remained lower than the Nsi treated control (Fig. 3.5; lanes 1-4). Knockdown of SENP3 did not affect the ability of DFP to downregulate CHIP protein levels (lanes 3-4). Conversely, transient knockdown of CHIP abolished the ability of DFP to further increase levels of SENP3 (lanes 5-6). Treatment with DFP did not further decrease CHIP levels compared to control treatment and in both control and DFP treated samples in a CHIP knockdown background, SENP3 levels remained high and comparable to control knockdown cells treated with DFP (Fig. 3.5; lanes 5-6). 





Figure 3.4 SENP3 is regulated by the E3 ubiquitin ligase CHIP.
 CHIP knockdown increases levels of SENP3 but not SENP5 in HeLa cells. Nsi or CHIPi (Nsi, non-specific siRNA; CHIPi, CHIP siRNA; concentration, 20nM) was transfected into HeLa cells for 48 h. Lysate samples were blotted as indicated. 



Figure 3.5 No further increase in SENP3 levels upon DFP treatment when CHIP has been knocked down. CHIP knockdown prevents the DFP-induced increase in SENP3 levels. Nsi, SENP3i or CHIPi (Nsi, non-specific siRNA; SENP3i, SENP3 siRNA; concentration 20nM; CHIPi, CHIP siRNA; concentration, 20nM) were transfected into HeLa cells for 48 h. Two days post transfection and the cells were treated with DFP for a further 24 h 

[bookmark: _Toc45731508]3.2.6 SENP3 levels are stabilised upon DFP treatment
To determine the mechanism through which SENP3 levels increase in response to DFP, cells were treated with cycloheximide (CHX; 50 µg/ml) to block protein translation. Cells were first treated with control (PBS) or DFP for 12 hours prior to commencement of a CHX chase experiment. Immunoreactive bands for SENP3 were detectable in both control (PBS) conditions and DFP treated cells at zero hours of CHX treatment, albeit at much higher levels in the DFP treated cell sample, likely due to a difference in loading since levels of the loading control, GADPDH, were also greater (Fig. 3.6 A). In control conditions, SENP3 levels decreased in a time-dependent manner and were substantially reduced following eight hours of CHX treatment. However, the same was not seen in DFP treated cells in any of the time points and SENP3 levels remained at similar levels throughout the treatment time course. The loading control, detectable using anti-GAPDH antibody, was stable throughout the time course of the CHX chase experiment in both conditions, demonstrating the specificity of DFP treatment. Comparatively, whilst SENP3 levels decreased with the protein translation blocker, cycloheximide (CHX), in control treated cells, the level of SENP3 protein in whole cell lysates from DFP treated cells showed no decrease throughout the time course.
Further to this, the effect of the proteasomal inhibitor MG132 on SENP3 was investigated to determine whether the increase in SENP3 upon DFP treatment was caused by proteasomal degradation. SENP3 levels increased with DFP treatment, as expected. With MG132 treatment, SENP3 levels under PBS control conditions were already greater and there was no further DFP-induced increase in SENP3, suggesting that SENP3 increase with DFP is likely due to a decrease in its proteasomal degradation (Fig. 3.6 B)
A.
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Figure 3.6 DFP-medicated increase in SENP3 is due to a decrease in proteasomal degradation, not an increase in protein translation
A) HeLa cells were treated with 1 mM DFP for 24 h in total. In addition, the same cells were treated with cycloheximide (CHX; 50 µg/ml) for the given time in a chase experiment. Western blot analysis detected the presence of SENP3 and GAPDH (loading control). B) HeLa cells that been treated with 1 mM DFP for 24 hr were also treated with control (PBS) or 50 µM MG132 for the final 6 hr before harvesting. Western blot analysis detected the presence of SENP3 and GAPDH (loading control).
B.


[bookmark: _Toc45731509]3.2.7 CHIP is reduced as a result of DFP treatment
To explore the mechanism through which DFP acts to stabilise SENP3, the possibility that CHIP was being degraded upon DFP treatment was explored through use of the proteasomal inhibitor, MG132. MG132 blocks the degradation of ubiquitinated proteins, whilst not affecting E3 ubiquitin ligases themselves. HeLa cells were treated with PBS or DFP for 24 hours and during the last 6 hours, were treated with 50 µM MG132 to inhibit proteasomal degradation. Treatment with DFP, as shown in Fig. 3.3, reduced protein levels of CHIP (Fig. 3.7; lane 2). Treatment with MG132 in control conditions did not lead to significant changes in CHIP levels compared to control. In the meantime, treatment with DFP still cause a decrease in CHIP with the presence of MG132.

[bookmark: _Toc45731510]3.2.8 SENP3 levels are downregulated in Parkinson’s disease patient fibroblasts
Whole cell lysate samples from of skin fibroblast cells derived from control patients and Parkinson’s disease patients carrying the R42P mutation in Parkin were provided by Dr Heather Mortiboys (The recipient principal investigator, based on the MTA for Biospecimens between NINDS repository at Coriell cell repositories and the University of Sheffield). Samples were examined by Western blot analysis for the presence of SENP3, as identified by use of SENP3 antibody and molecular weight marker (Fig. 3.8). Western blot analysis revealed downregulation of SENP3 in patient fibroblasts expressing the R42P mutant form of Parkin. Protein expression levels of SENP3 were decreased by approximately 70% (Fig. 3.8 B).
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Figure 3.7 CHIP is downregulated as a result of DFP treatment A) HeLa cells were treated with (1 mM) DFP for 24 h. For the last 6 h, cells were treated with (50 µM) MG132. Western blot analysis was performed to detect levels of CHIP and the loading control, GAPDH. B) Quantitative analysis of levels of CHIP normalized against GAPDH (n=3, ****p<0.0001, *** p<0.001; paired t-test). 
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Figure 3.8 SENP3 levels in Parkinson’s disease patient fibroblast cells
A) Patient Fibroblast cells from control or ParkinR42P Parkinson's disease patients were analysed by Western Blot for the presence of SENP3 and the loading control, GAPDH. B) Quantitative analysis showing levels of SENP3 relative to GAPDH (n=3, * p<0.05; unpaired t-test)
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[bookmark: _Toc45731511]3.2.9 SENP3 is regulated by the E3 ubiquitin ligase, Parkin
SENP3 levels are downregulated in patient fibroblasts carrying the R42P mutation in Parkin (Fig. 3.8). This raises the question as to whether the E3 ubiquitin ligase, Parkin, can regulate SENP3 though an uncharacterised mechanism, and that mutation of Parkin at R42, disrupts this regulation. To assess this, HEK293 cells were transiently transfected with either control Nsi or one of two Parkin siRNA duplexes to knockdown endogenous Parkin and observe the effects on SENP3 levels. Both constructs were used to identify their effectiveness in knockdown of Parkin. In control conditions, Parkin was detected by Western blot analysis and molecular marker as a faint band at ~70 kDa. Both siRNA against Parkin were effective; the presence of Parkin was minimally detected by immunoblot in whole cell lysates from cell transfected with Parkin siRNA 1 but was undetectable in Parkin siRNA 2 at the same exposure (Fig. 3.9). Transient transfection with either Parkin siRNA 1 or Parkin siRNA caused a substantial decrease in SENP3 of ~85% and 96% respectively, suggesting that Parkin may be positively regulating SENP3 in HEK293 cells.

[bookmark: _Toc45731512]3.2.10 ParkinR42P mutation impairs its interaction with CHIP
GFP-Trap is a technique used to isolate GFP-fusion proteins and identify their interacting partners. It consists of an anti-GFP antibody coupled to agarose beads. Immunoprecipitation is performed to detect direct and/or indirect binding partners which should be present in the GFP-Trap pulldown. Here, GFP-Trap was performed using YFP-Parkin and YFP-ParkinR42P. GFP-Trap works well with YFP and CFP-tagged fusion proteins due to high sequence conservation and thus the GFP antibody is able to recognise all three (Veening et al., 2004). These experiments detected the presence of CHIP in the pulldown. In cells expressing YFP-ParkinR42P, CHIP was substantially reduced in the pulldown sample, suggesting that ParkinR42P loses its ability to interact with CHIP (Fig. 3.10).
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Figure 3.9 Parkin knockdown reduces SENP3 in HEK293 cells. A) HEK293 cells were transfected with control Nsi or two types of Parkin siRNA; Parkin siRNA 1 or Parkin siRNA 2. Western blot analysis was used to detect the presence of Parkin and SENP3 following Parkin knockdown, as well as the loading control GAPDH. B) Quantification of Western blot analysis shown in A.

B.
A.

[image: ]

Figure 3.10 Parkin interacts with CHIP and the R42P mutation in Parkin reduces interactions with CHIP. HEK293 cells were transfected with YFP (Control), YFP-Parkin and YFP-Parkin R42P mutant. GFP Trap was performed in order to capture YFP, YFP-Parkin and YFP-Parkin R42P to determine interacting partners. Following GFP Trap, Western blot analysis was performed for the GFP-Trap and lysate sample to detect YFP, CHIP and the loading control, β-actin.

[bookmark: _Toc45731513]3.3 Discussion
It is important, especially when uncovering the molecular mechanisms of an uncharacterised pathway, to model the pathway using the appropriate cell line and/or animal model to best mimic what occurs in humans under normal and/or in disease conditions. HeLa cells were used throughout Chapter 3 and were chosen for the following key features: ease/low cost of maintenance, ease of transfection and limited to no expression of Parkin, making it a useful cell model for observing how DFP may function in a PINK1/Parkin-independent mitophagy pathway. That being said, although Hela cells have led to breakthroughs in cancer biology, cloning, AIDS, Parkinson’s disease, influenza etc, they do not bare the typical characteristic of neuronal cells, for which DFP would exert its effects in during treatment of Parkinson’s disease. Ideally, primary neuronal culture would be used, preferably of dopaminergic origin although this can be difficult to achieve, to better understand the mechanisms of DFP-induced mitophagy in both healthy neurons and those derived from Parkinson’s disease patients. Nonetheless, Hela cells still provide a tool for understanding the basic molecular mechanisms underpinning the mitophagy pathway which is activated upon DFP-treatment.
The iron chelation drug, deferiprone (DFP), is currently in clinical trials for the treatment of Parkinson’s disease. Previous studies have determined that DFP induces mitophagy by an uncharacterised pathway (Allen et al., 2013). SUMOylation has recently been linked to general autophagy and thus the possibility of an involvement of SUMOylation in this pathway was explored (Cho et al., 2015; Li et al., 2019).  My results indicated that SUMOylation is affected by DFP treatment, which reduced the levels of SUMO-2/3 conjugates but did not affect levels of SUMO-1 conjugates. From this work, it is clear that DFP affects SUMOylation and is specific to SUMO-2/3-ylation. However, it was unclear whether this was due to alterations in the levels of SUMO-2/3 protein or due to alteration in the levels of the deSUMOylation enzymes responsible for SUMO-2/3 deconjugation; namely SENP3 and SENP5. This was explored in further detail through Western blot analysis and data concluded that SENP3, but not SENP5, was downregulated upon DFP treatment. This finding was critical in our understanding of DFP-induced mitophagy, providing both evidence for the decrease in SUMO-2/3 conjugation and a key candidate of an alternative mitophagy pathway. To further unravel the mechanism through which SUMO-2/3-ylation levels are decreased upon DFP treatment, the question was raised and explored as to how SENP3 levels are regulated upon DFP treatment.
Previous studies using Parkinson’s disease patient cells have demonstrated an involvement of SUMOylation in disease progression, although the role of deSUMOylation has been less well explored (Krumova et al., 2011; Rott et al., 2017). Interestingly, the SUMOylation of substrates by different SUMO proteins can have opposing effects, and it may be due to the balance of SUMOylation and deSUMOylation of multiple substrates coordinates specific cellular activities. For example, Drp1 has been shown to be SUMOylated by both SUMO-1 and SUMO-2/3. SENP2 controls deSUMO-1-ylation of Drp1 and disruption to this has been shown to cause neurodegeneration through an increase in SUMO-1-ylated Drp1 at the mitochondria and subsequent mitochondrial fractionation Fu et al. 2014).. Contrastingly, an in vitro model of ischemia revealed Drp1 to be a SUMO-2/3 substrate and that SENP3 was responsible for its deconjugation (Guo et al., 2013). Here, the SUMO-2/3-ylation of Drp1 decreases its mitochondrial localisation and reduces apoptosis and thus is a protective response, as opposed to the SUMO-1-ylation of Drp1 which enhances its mitochondrial localisation and mediates cell death (Zunino et al. 2007)) In this example, the balance of the two deSUMOylation enzymes, SENP2 and SENP3, determines the outcome of cell death. How deSUMOylation enzymes are regulated is thus a crucial mechanism for downstream cellular effects, particularly in disease progression. However, our understanding of the regulation of the deSUMOylation enzymes remains incomplete. 
Previous studies exploring the regulation of SENP3 have demonstrated its regulation by the E3 ubiquitin ligase, CHIP, under basal conditions (Yan et al., 2010).  The possibility that that CHIP may be affecting SENP3 levels upon DFP treatment was first explored through observation of CHIP at the protein level using Western blot analysis. It was demonstrated that CHIP levels are downregulated upon DFP treatment. CHIP targets SENP3 for ubiquitination under basal conditions and its downregulation thus appears to increase SENP3 protein levels. To further eliminate SENP5 from the investigation, it was confirmed by Western blot analysis that CHIP specifically targets SENP3 for degradation, and not SENP5, since knockdown of CHIP brought about the increase in SENP3 levels but did not affect SENP5 levels. Regulation of SENP5 still remains poorly understood (Hickey et al., 2012). Interestingly, a role of CHIP in autophagic flux regulation has recently been established. It was reported that knockdown of CHIP induced autophagosome formation in both HEK293 cells and N2a cells (Guo et al., 2015). Although a role for SUMOylation was not explored here, it is possible that SENP3 may have an involvement in more general autophagy due to changes in CHIP levels, although the focus on this study was on the selective autophagy of mitochondria.
Observation of CHIP downregulation in the current study provides an explanation to how SENP3 levels are increased upon DFP treatment, however the exact mechanism for this was not confirmed as yet. Increase of SENP3 could occur by one of two ways: an increase in SENP3 protein translation or a decrease in SENP3 degradation. To explore this possibility, cells were treated with cycloheximide in addition to PBS or DFP. Cycloheximide is a drug used to block translation. These experiments demonstrated stabilisation of SENP3 with DFP treatment. This was not as a result of increased protein synthesis as treatment with cycloheximide failed to prevent the DFP-induced increase in SENP3 levels. Since the E3 ubiquitin ligase, CHIP, is downregulated upon DFP treatment, and SENP3 levels are stabilised by a mechanism other than increased protein synthesis, it can be postulated that stabilisation of SENP3 is achieved through the reduction of its degradation. This was confirmed in experiments where proteasomal degradation was blocked by MG132 which resulted in increased levels of SENP3, with no further increase with DFP treatment.  Given more time, it would be useful to conclusively confirm the nature of SENP3 stabilisation through further repeats. Utilising MG132 once again, the mechanism for the decrease in CHIP upon DFP treatment was explored and it was determined that CHIP is downregulated upon DFP treatment. It appears that MG132 treatment does not prevent the DFP-induced CHIP reduction, suggesting an involvement of a non-post-translational mechanism, and it is likely that iron chelation leads to downregulation of CHIP gene. Very recently, it was uncovered that DFP, through its iron-chelation activity, chelates the iron (Fe2+) at the active sites of certain histone lysine demethylases (KDMs), specifically those dependent on iron, which results in inhibition of those KDMs and subsequently, transcriptional regulation is altered (Khodaverdian et al., 2019). This supports the idea that DFP can influence transcriptional activity.
 Whether this is true for CHIP has not been confirmed. To explore this, quantitative PCR (qPCR) methods could be used in order to detect differences in CHIP gene expression upon DFP treatment. This would identify a mechanism through which DFP affects gene expression of CHIP in order to stabilise SENP3 at the protein level, allowing SENP3 to target specific SUMOylated proteins for deconjugation. Further to this, if DFP is identified as a transcriptional regulator of CHIP it may be useful to investigate the mechanism of its gene regulatory activity, which may be due to its iron chelation ability at the active sites of KDMs, as described above. To understand whether inhibition of KDMs is playing a role in CHIP regulation, histone methylation could be observed through Western blot analysis in the presence of DFP, along with the observation of CHIP levels. This would help to link DNA methylation and CHIP expression to demonstrate how DFP may influence the two for a more in-depth investigation on CHIP regulation.
Together, this chapter has begun to uncover the early processes that occur to bring about mitochondrial autophagy, including the downregulation of CHIP leading to subsequent stabilisation of SENP3.
Previous studies have identified SUMOylation targets in Parkinson’s disease patients but up until now, a role of the deSUMOylation enzymes in Parkinson’s disease has not been explored, despite the documentation that SUMO-2/3 conjugation may act as a protective response against cell stress (Luo et al., 2017). However, our data from Parkinson’s disease patient fibroblasts carrying the R42P mutation in the E3 ubiquitin ligase, Parkin (ParkinR42P), showed a reduction in their SENP3 levels. The R42P mutation is not permissive for proper folding of the Parkin protein and it is quickly targeted for degradation (Safadi and Shaw, 2007). This raised the possibility that SENP3 could be regulated by other E3 ubiquitin ligases, such as Parkin, and was explored to build a more detailed understanding of the complexity of SENP3 regulation may have and its implications in diseases such as Parkinson’s disease.
Previous studies which observed the regulation of SENP3 using several E3 ubiquitin ligases, including Parkin, did not observe any effect of Parkin knockdown on SENP3 expression (Yan et al., 2010). In the mentioned study, HeLa cells were used to knockdown Parkin. However, our results indicate that SENP3 is positively regulated by Parkin. This discrepancy likely reflects cell specificity and, in particular, the expression levels of Parkin in both cell types. Whilst Parkin is expressed in HEK293 cells, there is little or no Parkin expressed at the protein level in HeLa cells (Denison et al., 2003; Narendra et al., 2008). This may underlie difficulties in detecting any change in SENP3 levels using Parkin siRNA in HeLa cells. Despite confirmation of knockdown by RT-PCR, confirmation of protein expression by Western blot analysis was not performed and it is well established that gene expression and protein expression may not always correlate well (Gygi et al., 1999; Maier et al., 2009; Karbownik et al., 2016). Hence, HEK293 cells were used in the current studies as a valid system for Parkin expression which could be manipulated through siRNA transfection.
As an E3 ubiquitin ligase, Parkin ubiquitinates target proteins which acts as a signal for proteasomal degradation. In this case, Parkin appears to be positively regulating SENP3 and, in patients carrying the R42P mutation in Parkin, SENP3 levels are negatively affected. The question arose as to how Parkin could positively regulate SENP3. In interaction studies identifying binding partners of Parkin, CHIP was revealed to exist in a complex with Parkin, along with Hsp70 and the Parkin substrate, Pael-R (Imai et al., 2002). CHIP likely interacts with Parkin directly through its U-box domain, and indirectly through Hsp/Hsc70 via its TRP domain (Imai et al., 2002). The U-box domain is also the domain through which CHIP interacts with SENP3 and it remains a possibility that Parkin and CHIP complexes may be favourable to the stability of SENP3. Indeed, ParkinR42P appears to bind far less to CHIP, as seen in Fig. 3.10. Having said that, this experiment was purely observation and thus analysis was unable to be performed. Anti-GFP antibody was used at a too high concentration, leading to overexposure as seen in lane 1, Fig. 3.10. Degradation was particularly visible for YFP-ParkinR42P which had a strong band at 25 kDa for YFP. This may be due to predisposition for protein degradation. It is difficult to prevent the degradation of YFP- ParkinR42P since doing so may interfere with its CHIP interaction. Alternatively, it would be useful to observe levels of CHIP in patient fibroblasts carrying the R42P mutation, which may help to explain the differences on SENP3 levels between control and patient fibroblasts.
It has been documented before that CHIP preferentially binds Parkin wild-type (WT) over an array of mutants tested, including a truncation of the Ubl domain in which R42 resides. However, conclusions from these experiments were that mutations of only the first RING finger motif affect CHIP binding to Parkin. Nonetheless, ParkinR42P was not specifically tested and it is established that the R42P mutation causes unfolding of the Parkin protein and insolubility (Imai et al., 2002; Safadi and Shaw, 2007). The affected stability of ParkinR42P may mean that it is not accessible, or it’s RING domain is not accessible, for binding to CHIP, providing a mechanism which frees up unbound CHIP to degrade its substrates, including SENP3 (Fig. 3.11). It would be interesting to perform a co-immunoprecipitation assay in patient fibroblast cells carrying the R42P mutation in Parkin to confirm results obtained in this chapter and to understand the interactions between Parkin and CHIP and how this affects SENP3 levels.
In conclusion, this chapter highlights an important role for SUMOylation in DFP-induced mitophagy. In particular, SENP3, but not SENP5, is increased upon DFP treatment. This mechanism through which this occurs is summarised in Chapter 3 Summary Figure, in which CHIP is downregulated through DFP treatment, although this mechanism has not been investigated in this thesis. DFP was shown to cause stabilisation of SENP3 through a decrease in its degradation, which is proposed in this model to be due to a decrease in CHIP, a known negative regulator of SENP3. Whether SENP3 is essential for DFP-induced mitophagy is not explored in this chapter but is investigated in more detail in the subsequent results chapters.



Figure 3.11 A hypothesis: Parkin interacts with CHIP, which prevents CHIP-mediated SENP3 degradation
Schematic depicts a potential mechanism for how SENP3 levels may be affected by Parkin and the Parkinson’s disease causing associated mutation, Parkin R42P. Parkin R42P is known to be less stable and have defects in protein folding. Data from this chapter suggests Parkin R42P does not bind as effectively to CHIP as WT Parkin





Chapter 3 Summary Figure. Model of pathway through which DFP acts to increase levels of SENP3. Under normal circumstances, CHIP ubiquitinates SENP3 to promote SENP3 proteasomal degradation. DFP acts through downregulation of CHIP (unknown mechanism; Fig. 3.7). SENP3 levels become stabilised upon DFP treatment (Fig 3.2 A), which is not as a result of reduced protein synthesis. Thus, with DFP treatment, levels of CHIP decrease and levels of SENP3 increase 
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[bookmark: _Toc45731515]4.1 Background
Mitophagy is a major process that all cells utilise for the orderly disposal of defective mitochondria. In both sporadic and familial cases of Parkinson’s disease, mitophagy is often defective and it can lead to a build-up of damaging reactive oxidative species (ROS), that inflict damage on DNA, proteins and lipids alike and, of particular relevance, is the damage to mitochondrial DNA (mtDNA), proteins and lipids (Parker et al., 1989; Clark et al., 2006; Ryan et al., 2015; Park et al., 2018). Dopaminergic neurons can be particularly susceptible to ROS build-up, which ultimately leads to their degeneration. Together with the production of ROS from iron overload, and defects in the removal of damaged mitochondria, dopaminergic neurons are therefore vulnerable to cell death if damage to the mitochondria is not properly dealt with. Previous studies have shown that DFP is capable of inducing mitophagy through PINK1/Parkin-independent mechanisms (Allen et al., 2013). Whilst typically PINK1/Parkin-dependent mitophagy is considered the major mitophagy pathway for disposal of damaged mitochondria, it is not responsible for all mitophagic processes. It has been demonstrated in mice deficient in PINK1 as well as in Drosophila deficient for PINK1 or Parkin, that both are dispensable for basal mitophagy (Lee et al., 2018; McWilliams et al., 2018). Nonetheless, PINK1/Parkin-dependent mitophay is still considered highly important, particularly in neurons that express high levels of Parkin (Stichel et al., 2000). Briefly, these proteins act together whereby PINK1 becomes stabilised on the outer mitochondrial membrane in response to depolarisation of the mitochondria, leading to the recruitment of Parkin and the subsequent Parkin-mediated ubiquitination of mitochondrial proteins, tagging the damaged mitochondria for degradation. Both PINK1 and Parkin are highly implicated in familial cases of Parkinson’s disease and contain some of the most common disease-causing mutations. Nevertheless, DFP has been shown to induce mitophagy independently of the PINK1/Parkin pathway, although the mechanism is currently unknown but could be extremely important to both the understanding of the pathogenesis of the disease and the treatment of it. 
Classically, SENP3 is considered to have roles primarily in the nucleus, but in more recent years SENP3 has been implicated in other cellular processes, including a role as an oxidative-stress sensor in which SENP3 is stabilised by ROS (Huang et al., 2009; Guo et al., 2013). Following this, research by the former lab went on to show that SENP3 plays a critical role in general autophagy through deSUMOylation of Beclin1, which impairs Beclin1/PIK3C3 complex formation in mice (Liu et al., 2019). This complex usually modulates the activity of PIK3C3 which generates phosphatidylinositol 3-phosphate (PI(3)P), enabling the recruitment of autophagy effectors to the phagophore assembly site, and SUMOylation of Beclin1 enhances this (Liu et al., 2019). This example highlights the importance of both SUMOylation and deSUMOylation in autophagy, as well as the significance of proper control and regulation of them both, which ultimately acts as a molecular switch to signal whether autophagy will take place. 
The primary objective of this chapter was to explore a possible involvement of SENP3 in mitophagy induced by the iron chelation drug, DFP. Work from the previous chapter indicates that the treatment of cells with DFP leads to substantial changes in SENP3 levels, raising the possible involvement of SENP3 in the alterations in cell process caused by iron chelation. Thus, the role of SENP3 in mediating DFP-induced mitophagy was explored in this chapter.
[bookmark: _Toc45731516]4.2 Results
[bookmark: _Toc45731517]4.2.1 SENP3 knockdown reduces LC3-II lipidation upon DFP treatment
The iron chelation drug, DFP, is capable of inducing mitophagy. HeLa cells have been well established in the past for their use in autophagy/mitophagy assays and have been used for DFP-induced mitophagy studies also (Narendra et al., 2008; Allen et al., 2013). Thus, previous research and use of this cellular model has greatly facilitated mitophagy research and has minimised unnecessary experimentation.  For this reason, very limited optimisation needed to be carried out. Since levels of SENP3 are altered after DFP treatment, the role of SENP3 in mitophagy-mediated mitochondrial disposal was explored. Removal of damaged mitochondria during mitophagy requires two key steps: mitochondrial autophagosome formation and subsequent autolysosome formation. To explore whether SENP3 is involved in DFP-induced mitochondrial autophagosome formation, RNAi-mediated knockdown of SENP3 was utilised and the expression of the autophagosomal marker, LC3-II, was examined in HeLa cells treated with either PBS or DFP. The antibody used against LC3 can detect both LC3-I and LC3-II which can be distinguished based on their molecular weights of around 16 kDa and 14 kDa, respectively. These experiments were conducted in the presence of 50 µM chloroquine, an FDA approved drug that impairs autophagosome-lysosome fusion (Mauthe et al., 2018). Consistent with the findings from previous studies (Allen et al., 2013), LC3-II expression was induced upon DFP treatment in control (Nsi transfected) HeLa cells. This confirmed that DFP indeed is a mitophagy inducer. Importantly, the covalently modified and membrane-bound form of LC3, that is, LC3-II which is the true marker of autophagosome formation, was detected as a band at 14 kDa using a molecular marker. The immunoreactive band for LC3-II specifically increased upon DFP treatment whilst the cytosolic form, LC3-I, remained unchanged (Fig. 4.1 A; lane 1-2). Once again, SENP3 was detectable at higher levels in DFP-treated cells.
RNAi-mediated knockdown of SENP3 was successful. In SENP3 knockdown whole cell lysates prepared from control or DFP treated cells, LC3-II levels were low. Knockdown of SENP3 significantly reduced DFP-induced autophagosomal formation as indicated by no increase in LC3-II upon DFP treatment (Fig. 4.1)

[bookmark: _Toc45731518]4.2.2 Detection of autolysosome formation
In addition to the involvement of SENP3 in autophagosome formation, its role in autolysosome formation as part of mitophagy was also explored. This was achieved through design and use of a tandem-fusion, termed mito-pHfluorin, capable of detecting mitochondrial autolysosome formation. The mito-pHFluorin was engineered as a fusion of mCherry and the quenchable pH sensitive GFP-variant, superecliptic pHfluorin (SEP) together with a mitochondrial targeting protein from Listeria monocytogenes, known as ActA (Sankaranarayanan et al., 2000; Pistor et al., 1994). The design of this construct is discussed in Chapter 2.2 in more detail but briefly, the mito-pHflourin targets to the mitochondria to label the mitochondrial network yellow due to fluorescence combination from mCherry (red) and SEP (green). Upon autolysosome formation, the acidic pH of the autolysosome quenches the SEP and the mitochondrial-containing autolysosomes appear as red puncta (Fig. 4.2).

Figure 4.1. Knockdown of SENP3 reduces LC3-II induction with DFP treatment. A) HeLa cells were transfected with non-specific (Nsi) siRNA as a control or an siRNA cocktail against SENP3 for 48 hr (20 nM). Following this, cells were subjected to 1 mM DFP for 24 hours. For the remaining 12 hours, 50 µm Chloroquine was added to the cells to prevent lysosomal degradation. Western blot analysis was performed and LC3-I/II and SENP3 were immunoblotted for. GAPDH was detected as a loading control. B) n=3; ***, p<0.001; N.S, not significant; paired t-test. Error bar depicts SEM.
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[image: ]Figure 4.2. Schematic illustration of mito-pHfluorin.
Mito-pHfluorin, a tandem-tagged construct encoding mCherry-SEP-A: Construct depicts mCherry in red, SEP, Super-ecliptic pHluorin (a pH-dependent GFP variant) in green and the mitochondrial targeting sequence derived from the ActA protein fused to SEP. Under basal conditions, in green/red merged images mitochondria are labelled as yellow structures. Upon mitophagy, mitochondria are sequestered within autolysosomes where fluorescence of SEP is quenched due to the acidic environment and therefore outlined as red puncta. Autophagosomes containing tagged mitochondria appear as yellow puncta. 






[bookmark: _Toc45731519]4.2.2.1 Validation of the mito-pHfluorin localisation to the mitochondria
ActA, a protein of the bacterium Listeria monocytogenes, can localise to the mitochondria through its C-terminal mitochondrial localisation sequence (LILAMLAIGVFSLGAFIKIIQLRKNN) (Pistor et al., 1994). This sequence was utilised in the cloning of the tandem fusion of mCherry-SEP-ActA, termed mito-pHfluorin (see Chapter 2.2 for details). Previously, GFP-ActA (mitochondrial localisation sequence only) was confirmed to successfully localise to the mitochondria through colocalisation assays using DsRed as a mitochondrial marker (Guo et al., 2017). Nonetheless, since mito-pHfluorin was a different fluorescently tagged ActA construct, validation experiments were performed in order to ensure the proper localisation of the mito-pHfluorin to the mitochondria. Immunocytochemistry was performed in HeLa cells transfected with mito-pHfluorin against the mitochondrial protein, COX IV. As part of the respiratory chain, COX IV localises to the inner mitochondrial membrane (Zhang and Wang, 2013). It can be seen that mito-pHfluorin localises well to COX IV positive mitochondria structures (Fig. 4.3 A). A higher magnification image shows the mitochondria with mito-pHfluorin targeted to the outer edge and COX IV detectable within tubular structures, representing the outer and inner mitochondrial membranes, respectively (Fig. 4.3 B). This confirms the localisation of mito-pHfluorin to the mitochondria and a potentially useful tool in the detection of autolysosome formation during mitophagy.



A.


Figure 4.3. Validation of mito-pHfluorin localisation to the mitochondria. A) HeLa cells were transfected with the mito-pHfluorin for 48 hr in a co-localisation experiment to determine correct targeting to the mitochondria. Immunocytochemistry against COX IV was performed. Red; mCherry (mito-pHfluorin), Green; SEP (mito-pHfluorin), Blue; COX IV. Scale bar is 10 μm. B) A close-up segment of the above image to demonstrate the co-localisation of mito-pHfluorin (outer ring) and COX IV (inner circle). Scale bar is 1.25 μm. Images were acquired using Zeiss LSM 880 Airyscan.
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[bookmark: _Toc45731520]4.2.2.2 Validation of mito-pHfluorin for the detection of autolysosomes
Following the above-mentioned confirmation, to test the functionality of this construct, HeLa cells were transfected with the mito-pHfluorin and treated with either a control (PBS) or DFP to observe whether the construct could detect autolysosome formation in the presence of DFP. In control conditions (Fig. 4.4 A; top panel), the mito-pHfluorin labelled the mitochondria yellow, as confirmed by the appearance of interconnected mitochondrial networks that have been described previously (Mitra and Lippincott-Schwartz, 2010). Validation of the mito-pHfluorin in the presence of DFP showed successful induction of autolysosome formation, detectable by the increase in red puncta (Fig. 4.4 A; bottom panel; white arrow heads). These data confirm that the mito-pHfluorin can function as an efficient tool in the detection of autolysosomes and that DFP can successfully induces autolysosome formation.
To successfully conduct quantitative analysis using the mito-pHfluorin, validation of the tool was first conducted to define the criteria for autolysosome detection. Autolysosomes are heterogeneous in size ranging from several hundred nanometres to micrometre range and it is known that multiple autophagosomes can fuse with the same lysosome (Rusten et al., 2004). To observe the heterogeneity of autolysosome formation, HeLa cells were transfected with the mito-pHfluorin and treated with 1 mM DFP for 24 hours to induce mitophagy. Within each cell, there was a heterogeneous population of autolysosomes that ranged in diameter. One representative image, displaying the heterogeneity of the autolysosome population, is shown in Fig. 4.5 A. ImageJ analysis was used to measure the area of the mitochondria-containing autolysosomes detected upon DFP treatment to produce a reading of fluorescent intensity, as shown by the dotted circles surrounding the red puncta (Fig. 4.5 A; see 2.1.10.2 for details on quantification method). It can be seen from the frequency histogram that the intensities of the autolysosomes ranged considerably, from <=0.2 A.U to 10 A.U (Fig 4.5). From this, the median was calculated to be 0.7 A.U and thus, this was taken as the threshold for one autolysosome. The median was chosen to better reflect the central tendency and reduce the effect that outliers may have. In addition, the mode, as depicted in the frequency histogram as the highest peak, was also 0.7 A.U, suggesting that 0.7 A.U is frequent intensity for the red puncta and is likely to be autolysosomes (Fig. 4.5 B). Any autolysosomes detected that were double this size (1.4 A.U) were counted at 2 autolysosomes etc. Together, this confirms the heterogeneity of autolysosomes and attempts to establish a criterion for autolysosome detection in future experiments.


[image: ]Figure 4.4. Detection of DFP-induced mitophagic autolysosomes using Mito-pHfluorin. Mito-pHfluorin was transfected into HeLa cells in the presence of DFP (1mM for 24 h) or PBS (Control), and cells analysed 48 h post-transfection (Scale bar is 10 μm; occurrences of mitophagy marked by arrow heads).  Image were acquired using the Axiovert 200 M inverted microscope; Carl Zeiss Microimaging, Inc.
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Figure 4.5. Determining criteria for quantifying mitophagy. HeLa cells were transfected with mito-pHfluorin for 48 hr. 1 mM DFP was added for 24 hr to induce mitophagy. Using ImageJ software, autolysosome intensity was measured by drawing around the red puncta (right panel; dotted circles). B) Quantification of the frequency of red puncta intensity (n=44). Median was determined to be 0.7 A.U. Scale bar is 10 µm. Images were acquired using Axiovert 200 M inverted microscope; Carl Zeiss Microimaging, Inc. 
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[bookmark: _Toc45731521]4.2.3 Validation of the use of mito-pHfluorin over the commercially available mito-Keima
Mito-Keima is an established marker of mitochondria and mitochondrial-containing autophagosomes. Its principle is slightly different to that of the mito-pHfluorin; mito-Keima contains a mitochondrial targeting peptide sequence and Keima, a fluorescent protein that has two coloured fluorescence at either a neutral pH (440 nm) or acidic pH (580 nm). Under neutral conditions, it targets to the mitochondria and appears green. During mitophagy when the mitochondria enter the lysosomes, the acidic pH causes the fluorescence to shift to the 580 nm spectrum. However, its uses under fixed conditions have been disputed by some (Williams et al., 2017). From earlier validation work, it appeared the mito-pHfluorin was functional under fixed conditions with 4% PFA (Fig. 4.4). To test the effectiveness of the mito-pHfluorin in comparison with the more established mito-Keima, the experiments were run simultaneously. However, it was difficult to detect any fluorescence in the 580 nm spectrum and may be as a result of disruption to the pH gradient caused by fixation (Fig. 4.6). Thus, red puncta could not be seen in the DFP-treated conditions using mito-Keima. Conversely, clear red puncta were detected in DFP-treated conditions using the mito-pHfluorin which were not present under control conditions, suggesting that detection using this method of fixation is compatible with the mito-pHfuorin but not with mito-Keima in our hands. 


[image: ]Figure 4.6. Effectiveness of mito-Keima and mito-pHfluorin in fixed cells.
HeLa cells were transfected with either mito-Keima or mito-pHfluorin for 48 hr and treated with Either PBS or 1 mM DFP for 24 hr. Top panels; mito-Keima under control (PBS) or DFP treatment. Bottom panels; mito-pHfluroin under control (PBS) or DFP treatment. Mitochondria are shown in the merge as yellow. Under DFP treatment, red puncta are present. Scale bar is 10 µm. Images were acquired using Zeiss LSM 880 Airyscan.






[bookmark: _Toc45731522]4.2.4 SENP3 knockdown reduces autolysosome formation in the presence of DFP
SENP3 plays a role in the formation of autophagosomes in DFP-induced mitophagy (Fig. 4.1). To further examine whether SENP3 is also necessary for autolysosome formation, the mito-pHfluorin tool was utilised in the presence and absence of SENP3, achieved through RNAi knockdown, under control and DFP treatment conditions. As expected, SENP3 is predominantly localised to the nucleus (Fig. 4.6). Previous studies have also detected SENP3 in cytosolic fractions of mouse cardiac preparations, however techniques to detect the smaller subcellular fraction of SENP3 under the microscope usually require specific permeabilisation techniques using digitonin to permeabilise the plasma membrane but not the nuclear membrane in order to detect cytoplasmic SENP3 (Guo et al., 2013). RNAi-mediated knockdown of SENP3 was carried out as previously shown in Fig. 4.1 and confirmed here by the absence of SENP3 in the nucleolus in knockdown conditions. As previously demonstrated in validation experiments, treatment with DFP lead to a significant increase in red puncta in control (Nsi) cells, indicating formation of mitochondria-containing autolysosomes. The number of red puncta was comparable between Nsi transfected cells and SENP3i transfected cells under PBS treatment. Treatment with DFP in the later cells did not lead to a significant increase in red puncta compared to PBS treatment, indicating DFP fails to induce autolysosome formation in the absence of SENP3 (Fig. 4.7 A). Indeed, there was a significant reduction in the number of red puncta found in control cells treated with DFP compared to SENP3 knockdown cells treated with DFP, suggesting SENP3 is important for autolysosome formation upon DFP treatment in HeLa cells (Fig. 4.7 B, p>0.0001).
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Figure. 4.7. SENP3 knockdown abolishes DFP-induced mitophagic autolysosomes. (A) Nsi or SENP3i together with Mito-pHfluorin were transfected into HeLa cells in the absence or presence of DFP (1 mM; 24 h), and were analyzed using the Mito-pHfluorin construct 72 h post-transfection. Red: mCherry-A or puncta indicating occurrences of mitophagy marked by white arrows; Green: SEP-A; Yellow: mitochondria labelled by mCherry-SEP-A; Magenta: SENP3; Scale bar, 10 μm. Images were acquired using Zeiss LSM 880 Airyscan. (B) Quantification and analysis of results comparing the number of red puncta under Nsi or SENP3i DFP conditions,  n=28 cells per condition; **** p<0.0001; unpaired t-test.



[bookmark: _Toc45731523]4.3 Discussion
A most recent study has demonstrated the involvement of SENP3 in the regulation of general autophagy (Liu et al., 2019). In addition to this, findings in Chapter 3 suggest that SENP3 may be a mediator of DFP-induced mitophagy, since SENP3 levels are stabilised upon treatment with the iron chelator drug. Identification of mitophagy and general autophagy in mammalian cells is usually through detection of key biological markers, such as the microtubule associated protein 1A/1B-light chain 3 (LC3). LC3 exists in two forms; LC3-I and LC3-II. However, during autophagy/mitophagy, cytosolic LC3-I undergoes lipidation through conjugation to phosphatidylethanolamine, forming LC3-II which is then recruited to the autophagosome membrane and is therefore a key marker of autophagosome formation (Tanida et al., 2008). This is usually detected through Western blot analysis. Here, HeLa cells, which lack Parkin (or express very little Parkin) were chosen as a cellular model system to investigate DFP-induced mitophagy. A previous study has ruled out an involvement of PINK1/Parkin in DFP-induced mitophagy and thus HeLa cells are an appropriate model system to investigate an alternative mitophagy pathway (Allen et al., 2013). In the present study, SENP3 was shown to be necessary for DFP-induced autophagosome formation, as detected through Western blot analysis with the autophagosome marker, LC3-II. Experiments were carried out in the presence of Chloroquine (CQ), an inhibitor of autophagosome fusion with lysosomes and thus an autophagic flux blockade. Use of CQ allows for the quantification of autophagosome formation by preventing lysosomal degradation.
These experiments add weight to the notion that SENP3 is a mediator of DFP-induced mitophagy; it was concluded that SENP3 is required for the formation of autophagosomes induced by DFP. Moreover, to fully implicate SENP3 in mitophagy, autolysosome formation was also analysed. Typically, fluorescence microscopy is used for autolysosome detection, the sequential step after autophagosome formation. Classically, mito-Keima has been extensively used and is an established marker of mitophagy through detection of mitochondria-containing autolysosome formation (Sun et al., 2017; Um et al., 2018). Keima is an acid-stable fluorescent protein, which displays different coloured fluorescence at neutral and acidic pH (440 nm and 586 nm, respectively). It is targeted specifically to the mitochondrial matrix through a mitochondrial-targeting sequence derived from COX VIII (Sun et al., 2015). Its dual-excitation allows it to label mitochondria green under neutral pH, whilst mitochondria-containing autolysosomes are labelled red due to the fall in pH of the autolysosomes. However, mito-Keima is dependent on the pH gradient between the cytoplasm and the autolysosomes which restricts its use to live cell imaging only, as fixation can disturb the pH gradient (Katayama et al., 2011). To overcome this issue of fixation, which is required when performing immunocytochemistry, a mito-pHfluroin was developed consisting of mCherry-SEP fused with the mitochondrial-targeting sequence protein derived from ActA of Listeria monocytogenes (Pistor et al., 1994). ActA, in a fusion with GFP, has previously been shown to localise to the mitochondria and was confirmed in this study (Guo et al., 2017) (Fig. 4.3). This construct has dual-fluorescence of both red (mCherry) and green (SEP; a pH-sensitive GFP variant) and labels the mitochondria yellow. Within the autolysosome, the SEP is quenched and the mCherry remains stable, hence the autolysosomes appear as red puncta.
Initial functional validation experiments confirmed that the tool was working under fixed conditions and indeed, DFP could induce the formation of mitochondrial-containing autolysosomes, as detected by an increase in red puncta (Fig 4.4). 
Further validation was needed in order to quantify autolysosomes with the mito-pHfluorin. The issue, as raised in previous studies of autolysosome detection using fluorescence microscopy, is that there is substantial heterogeneity of autolysosome shape, size and intensity (Calle et al., 2011). Hence, counting puncta based purely on their presence does not give an accurate representation of autophagic flux. A more accurate quantification method is the analysis of the relative intensity of each punctum. This factors in the size of the puncta, which can vary heavily due to fusion of several autolysosomes (Su et al., 2016). Measuring relative intensity means that two autolysosomes which differ in size, may be comparable based on their intensity, which should represent their content of mitochondria. As predicted, analysis revealed a heterogenous population of autolysosomes in terms of relative intensities (Fig. 4.5). Since the median relative intensity was 0.7 A.U., this was considered as one autolysosome, and autolysosomes with relative intensities of 1.4 A.U. were therefore counted as two. This approach of quantification is perhaps more robust, with a higher threshold than has been used by other groups, such as counting the % of cells with red puncta (Allen et al., 2013).
Although there is strong evidence in this study that mito-pHfluorin can detect DFP-induced mitophagy, more quantitative approaches could be beneficial to reduce possible errors when manually selecting and measuring autolysosome puncta size. Approaches such as Fluorescence-activated cell sorting (FACS), a specialised type of flow-cytometry to sort a heterogeneous population of cells based on their fluorescence, is a useful tool especially when cells require separation based on differential fluorescent intensity (Basu et al., 2010). A detailed method of mitophagy detection using FACS has been described previously, in which the authors use mito-Keima to detect autolysosome puncta and quantify the data based on high red:green ratio (Um et al., 2018). This is an attractive approach for the quantification of mitophagy which could be adapted to be functional with mito-pHflourin in future work.
Since SENP3 appeared to be required for DFP-induced autophagosome formation, the mito-pHfluorin was utilised to observe whether SENP3 was also required for DFP-induced autolysosome formation. Immunofluorescence analysis revealed that SENP3 is involved in mitophagic autolysosome formation, induced by DFP, and a significant difference between red puncta was seen in SENP3 knockdown cells compared to control. Together, data from this chapter indicates that SENP3 is a key mediator of DFP induced mitophagy and raise the question for further study as to how SENP3 may mediate these effects. In addition, the mito-pHfluorin appears to be a valid tool for the detection of mitophagic autolysosomes in fixed cells.











[bookmark: _Hlk30449366][bookmark: _Toc45731524]Chapter 5. Fis1 in DFP-induced mitophagy: a novel SUMOylated target for SENP3




[bookmark: _Toc45731525]5.1 Background
As a deSUMOylation enzyme, SENP3 mediates its cytosolic and nuclear effects through deSUMOylating substrate proteins, with preference over SUMO-2/3-ylated proteins (Gong and Yeh, 2006). Data from Chapter 4 explored the role of SENP3 in DFP-induced mitophagy, and it appears to be a key mediator and a necessary protein for the induction of mitophagy in this previously uncharacterised pathway, both in the formation of autophagosomes and autolysosomes (Fig 4.1 and Fig. 4.7). DFP specifically induces mitochondrial autophagy and thus the target(s) of SENP3 are likely to be associated with the mitochondria (Allen et al., 2013; Sargsyan et al., 2015). An already established mitochondrial target of SENP3, dynamin related protein-1 (Drp1), has previously been shown to be SUMOylated by SUMO-2/3 and deSUMOylated by SENP3 (Guo et al., 2013). It was shown that, when conjugated to SUMO-2/3, its mitochondrial presence was decreased, however SENP3-mediated deSUMOylation promotes Drp1 localisation to the outer mitochondrial membrane (Guo et al., 2013). Drp1 is a member of the dynamin family of large GTPases involved in constriction of the mitochondrial membrane during mitochondrial fission. A recent study, demonstrating the importance of Drp1 to mitochondrial dynamics, showed that knock down of Drp1 caused mitochondrial and peroxisomal defects (peroxisomes share the same fission machinery), whereas cells lacking all three dynamin proteins (DNM1, DNM2 and DNM3) in a triple knockout did not show any fission defects, suggesting that Drp1 is an essential factor in both mitochondrial and peroxisomal fission (Fonseca et al., 2019). Despite the fact Drp1 is a SENP3 target and involved in a process that precedes mitophagy, it has been demonstrated that Drp1 is dispensable for DFP-induced mitophagy (Yamashita et al., 2016). In the study, Drp1 knockout (KO) cells were treated with DFP and their autolysosome count was compared with control cells, in which mitophagy induction in the absence of Drp1 was shown to be comparable with control cells. Therefore, Drp1 was not explored as a SENP3 target in DFP-induced mitophagy in this thesis.
Mitochondrial fission is thought to precede mitophagy (Twig et al., 2013; Mao and Klionsky, 2013). In particular, mitophagy induced by mild oxidative stress has been shown to require proper fragmentation and segregation of the mitochondria by fission machinery (Frank et al., 2012). Whilst some reports document that fission is not essential for mitophagy, it appears that fission machinery may be important at least for the selectivity of mitophagy (Burman et al., 2017). One component of the mitochondrial fission machinery, Fis1, has been associated with mitophagy in several studies. The role of Fis1 in mammalian mitochondrial dynamics is a somewhat controversial topic since the discovery that loss of Fis1 (KO in human colon carcinoma cells) fails to prevent Drp1 recruitment to the mitochondria or mitochondrial fission (Otera et al., 2010). Prior to this, it was thought, at least in the budding yeast Saccharomyces cerevisiae, that Fis1 interacts with Dnm1 (yeast homolog of Drp1) to facilitate recruitment of Dnm1 onto the mitochondrial membrane to promote fission (Mozdy et al., 2000). Contrasting with the idea that Fis1 is not essential for mitochondrial fission, overexpression of Fis1 promotes mitochondrial fission in a number of cell types (James et al., 2003). The role(s) of Fis1 at the mitochondria are therefore still not fully clear. Recently, Fis1 has been associated with mitophagy. In acute myeloid leukaemia (AML) leukaemia stem cells (LSCs), Fis1 was upregulated and mitochondrial morphology was disturbed (Pei et al., 2018). Fis1 knockdown in these cells induced mitochondrial accumulation and it was later concluded that elevated Fis1 levels in these cells mediates increased mitophagy. 
However, whether Fis1 is involved specifically in DFP-induced mitophagy has not been explored. It has been reported that, whilst Drp1 was not essential for DFP-induced mitophagy, KO of Fis1 caused a substantial reduction in autolysosomes when compared to control cells treated with DFP (Yamashita et al., 2016). When compared to other mitochondrial fission proteins such as Mff and MiD49/51, KO of Fis1 produced the most substantial reduction in DFP-induced mitophagy, adding weight to the possibility of Fis1 as a mediator of DFP-induced mitophagy.
Thus, the primary aim of this chapter was to explore the potential role of Fis1 in DFP-mediated mitophagy. SENP3 is responsible for deSUMOylating specific SUMOylated targets, which has wide-reaching effects within the cell. Accordingly, if both SENP3 and Fis1 are acting together in this alternative mitophagy pathway, it is likely that SENP3 would be acting upstream in the deSUMOylation of Fis1. However, Fis1 is not a validated SUMO target and therefore is not a known deSUMOylation substrate for SENP3. Interestingly, in an in vivo screen of SUMOylated proteins in the brains of His6-HA-SUMO1 knock-in mice, Fis1 was identified as a potential SUMO substrate in the adult brain (Tirard et al., 2012). However, this has not been validated and it remains to be seen whether Fis1 is a bona fide SUMO target. In this chapter the role of Fis1 in DFP-induced mitophagy is first explored and subsequently, the focus of this chapter turns to efforts to detect Fis1 SUMOylation.

[bookmark: _Toc45731526]5.2 Results
[bookmark: _Toc45731527]5.2.1 Fis1 knockdown reduces LC3-II induction upon DFP treatment -
To ascertain whether the mitochondrial fission protein, Fis1, could be involved in an alternative mitophagy pathway induced by DFP, HeLa cells were treated with vehicle control (PBS) or 1 mM DFP for 24 hours in the presence or absence of Fis1 (through siRNA knockdown) and the effect on the induction of autophagosome marker LC3-II was observed. Chloroquine was used as in 4.2.1.  Firstly, Fis1 was knocked down as described in 2.1.4. Knockdown of Fis1 was achieved to a level of ~45% of control levels (Fig. 5.1). As previously shown, treatment with DFP caused an increase in LC3-II induction (Fig. 5.1; lanes 1-2). Interestingly, immunoblot for Fis1 indicated a slight decrease in Fis1 upon DFP treatment in both non-specific and Fis1 knockdown conditions. In cells which had been transiently transfected with Fis1 siRNA, DFP induction of autophagosome formation, as indicated by the presence of LC3-II, was significantly reduced compared to Nsi transfected, DFP treated cells, suggesting an important role for Fis1 in DFP-induced autophagosome formation (Fig. 5.1).
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Figure 5.1 Fis1 knockdown abolishes DFP-induced LC3-II. A) Fis1 siRNA was introduced into HeLa cells for 48 h, and the cells were treated with DFP for further 24 h (Fis1i, Fis1 siRNA; concentration, 20nM; DFP, 1mM). These experiments were performed in the presence of chloroquine (50µM; 12 hr). B) Quantification of repeat measurements of LC3-II. Values are presented as mean ± SEM and are normalized to the control value (n=3; **, p>0.01; N.S, not significant; paired t-test).


[bookmark: _Toc45731528]5.2.2 Fis1 knockdown reduces formation of autolysosomes upon DFP treatment
Consistent with the findings that SENP3 knockdown reduces autophagosome and autolysosome formation, the next logical experiment was to determine whether Fis1 was required for mitochondrial autolysosome formation during DFP-mediated mitophagy. This was achieved through experiments using the mito-pHfluorin in a non-specific siRNA or Fis1 siRNA background, with control or DFP treatment. Fis1, which appeared to localise in a similar pattern to the mitochondria in both control and DFP cells, was absent in Fis1 knockdown cells. The mito-pHfluorin labelled the mitochondria both red and green, thus under basal conditions the mitochondria are labelled yellow. Once again, DFP treatment was able to successfully induce mitochondrial-containing autolysosomes, as indicated by the white arrowheads (Fig. 5.2 A; bottom left panel). DFP treatment in Fis1 knockdown cells did not lead to a significant increase in autolysosome formation as it did in Nsi cells (Fig. 5.2 A; bottom left and right panels). The difference in autolysosome formation in the presence and absence of Fis1 upon DFP treatment was significant (Fig. 5.2 B). Together, this suggests an important role for Fis1 in DFP-induced autolysosome formation.
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Figure 5.2. Fis1 knockdown prevents DFP-induced mitophagic autolysosomes. A) Nsi or Fis1i together with mito-pHfluorin were transfected into HeLa cells in the absence or presence of DFP (24 h), which were analysed using the mito-pHfluorin construct 72 h post-transfection (Red: mCherry-A or puncta indicating occurrences of mitophagy marked by white arrows; Green: SEP-A; Yellow: mitochondria labelled by mito-pHfluorin; Blue: Fis1; Scale bar, 10 μm. B) Average number of red puncta per cell; n=25 cells per condition; *** p<0.0001; unpaired t-test)
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[bookmark: _Toc45731529]5.2.3 Fis1 is a novel target for SUMO-2-ylation
Since both SENP3 and Fis1 appear to be important for DFP-mediated mitophagy, the question was asked whether Fis1 could be a SENP3 deSUMOylation substrate. Before answering this, whether Fis1 was a putative SUMOylation target was investigated. To determine this, histidine pulldown (His-PD) assays were used and HEK293 cells were transfected with either His-SUMO-1 or His-SUMO-2/3 along with Flag-Fis1 to purify His-SUMO and its targets. Ubc9 was also expressed since it is the rate-limiting factor in SUMO conjugation and its expression can thus increase SUMOylation levels, outlined in chapter 1.2.3. To identify whether Fis1 was one of those targets, samples were analysed by Western blot and immunoblotted for Flag (See 2.1.7 for details). No immunoreactive band for Flag-Fis1 was detected in the histidine pulldown in the absence of His-SUMO and therefore acted as a negative control (Fig. 5.3, lane 1). Despite the possibility of Fis1 being a potential SUMO-1 substrate, no immunoreactive band for Fis1 was detected in the His-PD samples in cell lysates produced from cells expressing His-SUMO-1 and Flag-Fis1 together (Fig. 5.3; lane 2). Interestingly, in cell lysates produced from cells transfected with His-SUMO-2 and Flag-Fis1 together, an immunoreactive band for Flag was detected in the His-PD sample and, using molecular marker, was confirmed to be ~35 kDa (Fig. 5.3; lane 3). The band was of the predicted molecular weight for a Flag-Fis1 (~17kDa) plus His-SUMO-2/3 (~18 kDa) conjugate, indicating a Flag-Fis1-SUMO-2-ylated band.
To further confirm that Fis1 can be SUMO-2/3-ylated, Histidine purification experiments were once again performed with His-SUMO-2/3 and Flag-Fis1. Expression levels of Flag-Fis1 were comparable between the negative control, pcDNA3 and Flag-Fis1, and His-SUMO-2/3 and Flag-Fis1 co-transfected HEK293 cells (Fig. 5.4). Again, no immunoreactive band for Flag was detected in the negative control His-PD sample, confirming that Flag-Fis1 does not bind to Ni2+-affinity beads directly. Conversely, Flag-Fis1 was detected in the histidine pulldown elution, again at a molecular weight of ~35 kDa. This further confirms the results obtained in Fig. 5.3.
[bookmark: _Toc45731530]5.2.4 Endogenous mammalian Fis1 is SUMO-2-ylated. 
In an attempt to observe endogenous mammalian Fis1 SUMOylation, a HEK293 cell line stably expressing His6-SUMO-2/3T90K (termed HEK293 N3S) was used in a semi-endogenous histidine pulldown experiment (Tammsalu et al., 2015). HEK293 N3S cells were prepared as described in 2.1.4.2. Western blot analysis using an antibody against human Fis1 detected unmodified Fis1 at 15 kDa in the whole cell lysate. In addition, a larger band was detected in both the histidine pulldown elution and the whole cell lysate for the predicted molecular weight of His-SUMO-2/3-ylated Fis1 that was of around 35 kDa, indicating that endogenous human Fis1 is SUMO-2/3-ylated (Fig. 5.5).
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Figure 5.3. Fis1 can be a target for SUMOylation. Flag-Fis1 together with pcDNA3, His-SUMO-1 or His-SUMO-2 were transfected into HEK293 cells expressing Ubc9 for 48 h. His-pulldown and lysate samples were detected by immunoblotting for Flag or β-actin. 




Figure 5.4. Fis1 is SUMOylated by His-SUMO-2/3. Fis1 is confirmed as a SUMO-2/3 substrate in mammalian cells. Flag-Fis1 together with pcDNA3 or His-SUMO-2 were transfected into HEK293 cells expressing Ubc9 for 48 h. As a second negative control, untransfected cells were harvested for His-pulldown (HisPD). HisPD and lysate samples were detected by immunoblotting for Flag or β-actin. 
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Figure 5.5. Endogenous human Fis1 is SUMOylated. Endogenous Fis1 is modified by His-SUMO-2/3 stably expressed in HEK293 cells. His-pulldown (His-PD) and lysate samples were blotted as indicated. 




[bookmark: _Toc45731531]5.2.5 Lysine 67 and 119 are not sites for SUMO-2/3-ylation of Fis1
If Fis1 is a SUMOylation target, to identify the SUMO conjugation site(s) in Fis1 is important for investigating its downstream effects. An established SUMOylation site prediction tool (Zhao et al., 2014) which not only predicts SUMOylation consensus sites, but also non-consensus and SUMO interaction sites, was used to predict of potential Fis1 SUMOylation site(s). Two parameters were used to narrow down the search; SUMOylation and SUMO interaction threshold, each with a low, medium or high threshold. To increase the likelihood of identifying a putative SUMOylation site, the threshold was initially high for both SUMOylation and SUMO interaction, producing results that included K119, a SUMOylation consensus site, and a sequence between 142-146 (LIGLA) which is a SUMO interaction site. As a SUMOylation consensus site, K119 was chosen to be pursued in the detection of Fis1 SUMOylation site. In addition to this, a second screen was conducted with a lower threshold so as not to exclude any potential SUMOylation sites. Seven sites were predicted, including the consensus site, K119. Aside from K119, three sites were SUMOylation non-consensus sites (K67, K149 and K151) and the others were non-covalent interaction sites (a sequence between 8-12, 55-59, and 142-146). Since the method of Fis1-SUMOylation detection being used only detects covalent interactions, the non-covalent SUMO interaction sites were disregarded. Therefore, K67, K119, K149 and K151 were the most likely candidate SUMOylation sites and K67 and K119 were initially chosen.
Using site-directed mutagenesis techniques, as described in 2.1.3, conservative mutations were introduced into Flag-Fis1 at either position 67 or 119, substituting lysine for arginine. Histidine purification experiments were once again performed for cells transiently transfected with His-SUMO-2/3 and either Flag-Fis1, Flag-Fis1K67R or Flag-Fis1K119R, to observe how substitution of the two lysine residues would affect SUMOylation of Fis1. Western blot analysis with α-Flag antibody detected His-SUMO-2/3-ylated Flag-Fis1 as a band at ~35 kDa in all three histidine pulldown elutions (Fig. 5.6). Thus, neither Flag-Fis1K67R or Flag-Fis1K119R abolished SUMOylation. Interestingly, an increase in the intensity of the 35 kDa band in the histidine pulldown elution for Flag-Fis1K119R was seen, suggesting an increase in Flag-Fis1 SUMOylation elsewhere on the protein.
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Figure 5.6. The potential SUMOylation sites, K67 and K119, are not Fis1 SUMOylation sites. Flag-Fis1 WT, Flag-Fis1 K67R or Flag-Fis1 K119R mutant together with HisSUMO-2 were transfected into HEK293 cells expressing Ubc9 for 48 h. His-pulldown and lysate samples were detected by immunoblotting for Flag or β-actin.



[bookmark: _Toc45731532]5.2.6 The non-consensus SUMOylation site, K149, is a major site of Fis1 SUMOylation
To continue investigations into the site of Fis1 SUMOylation, lysine 149 and 151, as the only other potential non-consensus SUMOylation site, were selected for further analysis. Here, conservative substitution mutations were introduced to produce two new mutants: Flag-Fis1K149R and Flag-Fis1K151R. In addition to these, due to their close proximity to one another at the C-terminus, a deletion mutation was introduced at the last four C-terminal amino acids, including lysine 149 and lysine 151. Initially, the effect of the lysine 149 mutation on Fis1 SUMOylation was observed, along with the deletion mutant. His-PD assays were performed from lysates extracted from cells that had been transiently transfected with His-SUMO-2/3 and Flag-Fis1, Flag-Fis1 K149R and Flag-Fis1 Δ149-152. Western blot analysis once again was able to detect a band 35 kDa, that is His-SUMO-2/3-ylated Flag-Fis1 (Fig. 5.2.7, lane 1). In the histidine pulldown elution for Flag-Fis1 K149R, a substantial decrease in Flag immunoreactivity was seen for the 35 kDa His-SUMO-2/3-ylated Flag-Fis1 protein band of around 95%, indicating an extensive reduction in SUMOylation of Flag-Fis1. Furthermore, when the last 4 C-terminal amino acids are deleted from Fis1, a complete loss in His-SUMO-2/3-ylated Flag-Fis1 was seen (Fig.5.7; lane 3).





Figure 5.7. The SUMOylation side of Fis1 is between amino acid 149 and 152. Fis1 WT, Flag-Fis1 K149 or Flag-Fis1 c-terminal deletion mutant, together with HisSUMO-2, were transfected into HEK293 cells expressing Ubc9 for 48 h. His-pulldown and lysate samples were detected by immunoblotting for Flag or β-actin.




[bookmark: _Toc45731533]5.2.7 Lysine 151 is not a putative Fis1 SUMOylation site
The possibility that lysine 151 of Fis1 may be a minor site of SUMOylation arose after previous findings showed that lysine 149 is a major site of Fis1 SUMOylation and that an additional, minor site, may exist at the C-terminus between amino acids 149-152 as deletion of this region abolished Fis1 SUMOylation completely (Fig. 5.7). Hence, HEK293 cells were transfected with His-SUMO-2/3 and Flag-Fis1 either in its wild-type form or with the K151R substitution mutation, and His-PD was performed to determine whether there was a difference in His-SUMO-2/3ylation levels of Flag-Fis1 between the two forms. Western blot analysis revealed a His-SUMO-2/3-ylated Flag-Fis1 band using anti-Flag antibody in both the Flag-Fis1 wild-type and K151R mutant (Fig.5.8).  Flag-Fis1K151R did not appear to differ in terms of Flag-Fis1 SUMOyaltion levels when compared to wild-type Flag-Fis1 SUMOyaltion levels.
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Figure 5.8. The major site of Fis1 is likely to be K149. A) Flag-Fis1 WT, Flag-Fis1 K151 together with HisSUMO-2 AND Ubc9, were transfected into HEK293 cells for 48 h. His-pulldown and lysate samples were detected by immunoblotting for Flag or β-actin. B) Quantitative analysis of 3 biological repeated measurements Values are presented as mean ± SEM and are normalized to the control value (n=3;  N.S, not significant; paired t-test).
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[bookmark: _Toc45731534]5.3 Discussion
Fis1 has recently been implicated in mitophagy, although its role in DFP-induced mitophagy has yet to be explored in any great detail. DFP has been shown to induce mitophagy by uncharacterised, PINK1/Parkin-independent mechanisms, which is of particular interested in Parkinson’s disease research where mitophagy is often disrupted and some patients have mutations in PINK1/Parkin (Allen et al., 2013). Therefore, it is critical to understand the role, if any, of Fis1 in this pathway. 
Mouse Fis1 was used in these experiments instead of RNAi-resistant hFis1 to save time and money cloning RNAi-resistant hFis1. Both mouse and human Fis1 are 152 amino acids long and share 96% similarity, differing only by 6 amino acids within the cytoplasmic domain, with their transmembrane and mitochondrial intermembrane region being 100% identical (Fig 5.9). This includes the C-terminal region which was identified as containing the SUMOylated lysine residue, lysine 149 (Fig. 5.6). Because of the high sequence similarity, it was deemed a suitable replacement for hFis1.
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Figure 5.9. Alignment of hFis1 and mFis1. This schematic highlights the similarity between mouse Fis1 (mFis1) in green and human Fis1 (hFis1) in black. Differences in amino acid sequence are displayed in red. * represents K149; ** represents K151.
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Here, using biochemical and imaging assays, this work demonstrates a role for Fis1 in both autophagosome and autolysosome formation upon DFP treatment. Again, levels of the autophagosome marker, LC3-II, were observed with and without DFP treatment and in the presence and absence of Fis1. Whilst a substantial reduction in LC3-II induction compared to control (Nsi) was noted, Fis1 knockdown did not abolish DFP-induced autophagosome formation completely (increase in LC3-II by 14%). These experiments were performed using siRNA-mediated knockdown of Fis1, which appears to be incomplete. Although the reduction in Fis1 levels appears to be sufficient to reduce DFP-autophagosome formation considerably, complete abolishment may be achieved using Fis1 KO cells which would demonstrate the phenotype better. This could be achieved in the future using CRISPR/Cas9 methodology in HeLa cells. In addition, it appears that Fis1 is depleted upon DFP treatment. Unsurprisingly, Fis1 at the mitochondria membrane is degraded during mitophagy (Yamano et al., 2019). Cells were treated with Chloroquine after 12 hours of Deferiprone treatment. Interestingly, whilst the majority of the literature recommends the use of Deferiprone for 24 hours, in some cells 16 hours is sufficient for LC3-II induction (Allen et al., 2013; Nguyen et al., 2019). Thus, treatment with the autophagy blockade, Chloroquine, after 12 hours may not be soon enough to prevent degradation of mitochondria and mitochondrial proteins, including Fis1, and may explain why Fis1 levels decrease upon DFP treatment, since it is localised to the outer mitochondrial membrane. In addition to this, treatment with a similar autophagy blockade, Bafilomycin A1, with DFP did not fully recover levels of all mitochondrial proteins to 100% of the control levels (Allen et al., 2013), suggesting that some Fis1 is degraded with the mitochondria during mitophagy.
This work helps to build a picture of the pathway and events leading to mitophagy upon DFP-treatment and provides a possible target of SENP3 to explore in more detail, which was the focus of the second half of this chapter.
[bookmark: _heading=h.gjdgxs]The identification of target proteins for SUMOylation can be challenging. SUMOylation is highly transient and sites of SUMO conjugation can be difficult to predict, given that not all SUMO proteins conjugate to SUMOylation consensus motifs (Impens et al., 2014). In addition, only a small fraction of the pool of a SUMO substrate is SUMOylated in vivo at any one time. Together, these factors make detection difficult and requires enrichment of the SUMOylated protein(s). In this Chapter, an established SUMOylation detection method was employed using an overexpression system (Tatham et al., 2009). Briefly, since SUMOylation is highly transient, denaturing conditions were used to preserve covalent attachments. As both an advantage and a possible limitation, this method limits the detection to SUMO-binding sites only and prevents the detection of non-covalent SUMO-interacting sites. Whilst this was not a problem in the present study, it should be taken into consideration and properly assessed as to whether this method is appropriate for all SUMOylation detection studies, particularly if SUMOylation interactions are needing to be investigated. In addition, the limitations of use of overexpression studies have to be considered here. Overexpressing proteins can have damaging effects on the cell by overloading particular pathways, preventing the activation of some biological processes and burdening the cell with an excess of protein which may result in protein aggregation (Vavouri et al., 2009; Tang and Amon, 2013). As such, overexpression may not represent what truly occurs in vivo, and endogenous activity of a protein should always be investigated where it is possible to do so. Here, overexpression assays were preferred in the detection of Fis1 SUMOylation due to the difficulty of detecting endogenous protein SUMOylation, where only a relatively small proportion of substrate protein is SUMOylated. His-SUMO-1 and His-SUMO-2/3 were co-expressed with Flag-Fis1 and Ubc9. His-PD assays were carried out under denaturing conditions. The results indicate that Fis1 is a SUMO substrate for SUMO-2/3 but not for SUMO-1. Whilst this data identifies Fis1 as a novel SUMOylation target, it is in conflict with the data from the mass spectrometry screen which identified Fis1 as a potential SUMO-1 substrate. Mass spectrometry is a useful and commonly used tool for the identification of post-translational modifications (PTMs). However, it comes with its limitations and there is evidence of wrong PTMs being identified or the location of them on the peptide being inaccurately assigned (Kim et al., 2016). Therefore, proteomic screens such as the one discussed in the aforementioned study need to be properly validated by biochemical assays to fully confirm the nature of the PTM. By doing so, it was confirmed that Fis1 is SUMOylated not by SUMO-1 as previously thought, but by SUMO-2/3 and opens up the possibility of being a SENP3 target. To assess the proportion of Flag-Fis1 that is SUMOylated, a Flag-affinity pulldown would need to be conducted instead, as the method used in this thesis does not allow for that. Elution with Flag-antibodies and immunoblotting for Flag tag would allow direct comparisons between Flag-Fis1 SUMOylated and non-SUMOylated fraction directly.
In addition to the experiments conducted, endogenous human Fis1 was observed for its ability to be SUMOylated by His-SUMO-2/3 to ensure that Flag-Fis1 SUMOylation detected in overexpression assay was not an artefact of Fis1 overexpression itself. This was carried out under semi-endogenous conditions in HEK293T90K cells which stably express 6His-SUMO-2/3T90K (Tammsalu et al., 2014). Although not relevant to this particular experiment, the substitution of threonine to lysine enables detection of SUMO-conjugated proteins, after cleavage with endoproteinase LysC, using a specific di-Gly-Lys antibody to enrich SUMO-2T90K conjugated proteins. It was demonstrated in the same study that SUMO-2T90K and SUMO-2 were comparable in their rate of conjugation (Tammasalu et al., 2014). Thus, these cells were used as a system to stably express His-SUMO-2/3. From this work, it is clear the Fis1 is a SUMO-2/3 substrate and SUMOylated Fis1 was detected in the lysate itself, adding weight to the idea that endogenous Fis1 is a bona fide SUMO-2/3 substrate. It would be preferable to repeat these experiments in a fully endogenous system in which both Fis1 and SUMO-2/3 are expressed at endogenous levels, to avoid any influence that overexpression may have on Fis1 SUMOylation state.
Mass spectrometry can be a highly useful tool in the detection of PTMs. In addition to this, several studies have used mass spectrometry methods to identify specific sites of PTM, such as SUMOylation sites. Here, SUMO site prediction software was used to generate likely targets for the site of SUMOylation. This process can be time consuming, due to the cloning of the mutant constructs, and can have a high negative:positive result ratio. Out of the four predicted SUMOylation sites, which were chosen based on their sequence (SUMO consensus) or threshold for SUMO conjugation/interaction, only 1 site was deemed a genuine SUMO conjugation site. Mass spectrometry analysis, using HEK293-His-SUMO-2T90K cells, was used to determine the site(s) of SUMOylation (data not shown). Unfortunately, the initial experiment was not successful in the detection of Fis1 SUMOylation, and, due to time and cost restraints, further experiments were not carried out.
It was concluded in these experiments that K149 was the major site of Fis1 SUMOylation. The possibility of K151 as a site of SUMOylation was investigated when C-terminal deletion of the last 4 amino acids, including both K149 and K151, abolished Fis1 SUMOylation completely whilst K149 abolished SUMOylation by 95% (Fig 5.7). However, K151 was disregarded as a true SUMOylation site as mutation did not affect SUMOyaltion. One potential flaw in this conclusion is that mutating K151 may not have a big enough effect on SUMOylation to cause any detectable difference whilst K149 is still present. Nonetheless, whether there is a change, it is negligible, and it can be concluded that K149 is the major site of SUMOylation. Interestingly, although one of the most likely sites of SUMOylation given its consensus motif, K119 mutation to Arginine did not block Fis1 SUMOylation. Rather, the opposite was observed (Fig. 5.6). This was an interesting observation and may be explained, in future work, as a potential site of Ubiquitination. Using a ubiquitination site prediction programme (Radivojac et al., 2010), K119 was identified as a potential ubiquitination site of Fis1. Taken together, it can be hypothesised that mutation of K119 may prevent Fis1 ubiquitination, leading to stabilisation of Fis1 and allowing SUMOylation elsewhere on the protein. Proper validation needs to be carried out using anti-Ub antibodies to compare the level of WT and Fis1K119R ubiquitination. Finally, lysine 67 does not appear to be a SUMOylation site of Fis1, since no change in SUMOylation was observed between WT and Flag-Fis1K67R (Fig. 5.6).
In conclusion, determining the site of SUMOylation not only confirms Fis1 as a true SUMO target, since mutation of K149 all but abolished SUMOylation (95%), it is also an incredibly useful tool for the study of the SUMOylation state in DFP-induced mitophagy in future experiments described in Chapter 6 of this thesis.









[bookmark: _Toc45731535]Chapter 6. Functional analysis of SENP3 and Fis1 in DFP-induced mitophagy



[bookmark: _Toc45731536]6.1 Background
Whilst evidence suggesting Fis1 could be SUMOylated by SUMO-2/3 and not SUMO-1 was fundamental, it was important to determine whether SENP3 was responsible for its deSUMOylation to fully understand the involvement of both SENP3 and Fis1 in this novel mitophagy pathway. This chapter explores the functional analysis of both SENP3 and Fis1 in DFP-induced mitophagy. Fis1 regulates mitochondrial morphology and induces mitochondrial fragmentation when overexpressed (Stojanovski et al., 2004). Whilst it is an essential pro-fission factor in yeast, its role in mammalian cells is not fully understood. A possible role for Fis1 in mitophagy has previously been investigated (Gomes and Scorrano, 2008). More specifically, Fis1 may be required for DFP induced mitophagy. DFP induces mitophagy in a PINK1/Parkin-independent manor (Allen et al., 2013). It is quickly becoming an attractive drug for the treatment of Parkinson’s disease, particularly due to the superfluous function of PINK1/Parkin which are commonly mutated in autosomal-recessive Parkinson’s disease. Thus, uncovering the mechanisms of action through which DFP induces mitophagy could reveal important targets for Parkinson’s disease research.
A potential target of DFP in this alternative mitophagy pathway is SENP3, which has been explored in Chapter 3 of this thesis. It was uncovered that DFP causes possible downregulation of CHIP gene, an E3 ubiquitin ligase regulator of SENP3. Thus, upon DFP treatment, SENP3 becomes stabilised. SENP3 has been implicated in ribosome biogenesis and stem cell differentiation, owing to its predominant nucleolar localisation. However, more recently, its roles outside the nucleus have been explored and include responses to cell stress and autophagy (Guo et al., 2013; Rawlings et al., 2019; Liu et al., 2019). Still, specific targets for SENP3 are largely unknown. Whilst SENP3 is not exclusively associated with mitophagy, it has recently been implicated in general autophagy (Zeng and Chai, 2018; Liu et al., 2019). In addition, SENP3 has a known target - Drp1 - which can localise to the mitochondria, and thus the idea that SENP3 can deSUMOylate mitochondrial targets is not a new one.
There are 6 known SENP enzymes that deSUMOylate targets in vivo; SENP 1-3, SENP5 and SENP7. The SENPs share a conserved catalytic domain but differ in their N-terminal regions which is thought to regulate the localisation of the different SENP isoforms (Nayak and Müller, 2014; Kumar and Zhang, 2015). This localisation, to a certain extent, likely confers substrate specificity. In addition to its subcellular localisation, substrate specificity is largely influenced by the specific SUMO conjugated to the target protein. SENP3, along with SENP5, preferentially deSUMOylates SUMO-2/3. Whilst they each have specific targets, there is a level of promiscuity amongst the SENP enzymes. For example, both SENP3 and SENP5 have been shown to share Drp1 as a target (Zunino et al., 2007; Guo et al., 2013). Whilst this may be true, it should be noted that here SENP3 deSUMOylates SUMO-2/3 whilst SENP5 deSUMOylates SUMO-1 from Drp1, despite usually having preference for SUMO-2/3. Although SENP3 and SENP5 share targets and have preference for SUMO-2/3 as well, SENP5 was not explored as a possible regulator of Fis1 SUMOylation since its levels were not affected by DFP treatment and thus may not play a role in DFP-induced mitophagy studied in this thesis.
This chapter aims to build an understanding of the molecular mechanisms of DFP-induced mitophagy, with a focus on the importance of SENP3 and Fis1 in this alternative pathway. In particular, the SUMOylation status of Fis1 was investigated for its role in Fis1 localisation and activity.

[bookmark: _Toc45731537]6.2 Results
[bookmark: _Toc45731538]6.2.1 SENP3 is capable of deSUMOylating Fis1
To provide a mechanistic link between SENP3 and Fis1 involvement in DFP-induced mitophagy, the possibility that SENP3 was responsible for Fis1 deSUMOylation was investigated. Since SENP3 is a deSUMOylation enzyme, it mediates its effects through removal of SUMO-2/3 from target proteins. As a SUMO-2/3 substrate, it is therefore possible that Fis1 could be deSUMOylated by SENP3. Indeed, levels of SENP3, but not SENP5, were shown to be increased upon DFP treatment, making it a likely candidate for Fis1 deSUMOylation (Fig. 3.3). To test this hypothesis, histidine pulldown assays were once again performed using lysates prepared from HEK293 cells transfected with His-SUMO-2 and Flag-Fis1, alongside either non-specific siRNA (Nsi) or siRNA against SENP3 to knockdown SENP3.  Knockdown of SENP3 was successful, as determined by Western blot analysis and immunoblotting with anti-SENP3 antibody, followed by further analysis which determined >50% knockdown (Fig. 6.1 C). Western blot analysis revealed the 35 kDa, His-SUMO-2/3-ylated Flag-Fis1 band in the histidine pulldown elution for both the Nsi and SENP3i transfected cells (Fig. 6.1 A). The intensity of the Flag-Fis1 SUMOylated band was much stronger in SENP3 knockdown cells than that from the Nsi control cells. Subsequently quantification indicated a significant increase in Flag-Fis1 SUMOylation in a SENP3 deprived background, suggesting the reduction in SENP3 leads to an increase in Flag-Fis1 SUMOyaltion (Fig. 6.1 B; p < 0.05).

[bookmark: _Toc45731539]6.2.2 The SUMOylation state of Fis1 affects its mitochondrial localisation
As determined throughout 5.2.3 – 5.2.8, Fis1 is a SUMOylation target and its lysine residue 149 is a major site of SUMOylation. Based on this, Flag-Fis1K149R was utilised as a SUMOylation deficient mutant form of Flag-Fis1 in subsequent experiments in this chapter. To test the possibility that SUMOylation of Fis1 played a role in its targeting to the mitochondria, subcellular fractionation assays were performed using cell lysates from HEK293 cells transiently expressing either Flag-Fis1 or the SUMOylation deficient mutant Fis1, Flag-Fis1K149R. Whole cell lysates, cytosolic and mitochondrial cell fractionations were collected from each and analysed by immunoblotting for markers of the cytosol (GAPDH), mitochondria (VDAC) and for Flag. Levels of Flag-Fis1 were comparable in the whole cell lysate between wild-type and non-SUMOylatable Flag-Fis1 (Fig. 6.2 A; lanes 1 and 2). Interestingly, no significant difference was seen between cytosolic Flag-Fis1 in the two conditions (Fig. 6.2 A, lanes 3 and 4). Of note, is the difference seen between levels of Flag-Fis1 at the mitochondria, which was significantly increased in cells transfected with the SUMOylation deficient mutant Flag-Fis1 (Fig. 6.2 B; p <0.05).
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Figure 6.1. SENP3 knockdown enhances Fis1 SUMOylation. A) Nsi or SENP3i were transfected into HEK293 cells expressing Flag-Fis1, His-SUMO-2 and Ubc9 for 48 h. His-pulldown and lysate samples were detected by immunoblotting for Flag, SENP3 or β-actin. B) Quantitative analysis of repeated measurements (n=3; * p<0.05; paired t-test). SUMO-2-yalted Flag-Fis1 normalized against lysate expression. C) Quantification of SENP3 normalised against β-Actin revealed 50% knockdown efficiency; n=3; *, p<0.05, paired t-test
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Figure 6.2. The SUMOylation status of Fis1 influences its mitochondrial localization. A) Flag-Fis1 WT or Flag-Fis1 SUMOylation deficient mutant K149R was expressed in HeLa cells. Whole cell lysates, and cytosolic and mitochondrial fractions were prepared and blotted as indicated (the upper panel). B) Histograms show normalized levels of Flag-Fis1 associated with the cytosolic and mitochondrial fraction (Value are presented as mean ± SEM and are normalized to the control value; n=7; *, p<0.05

B.

[bookmark: _Toc45731540]6.2.3 Fis1 may be more closely associated with the ER in its SUMOylated state
One question that arose from the cell fractionation experiments was surrounding where the additional Fis1 was coming from since there was no significant difference between levels of wild-type Fis1 and non-SUMOylatable Fis1K149R at the cytosol, whilst there was significantly more Fis1K149R at the mitochondria compared with wild-type levels. Expression levels were also comparable in the total lysate. This raised the possibility that wild-type Fis1 was localising to other intracellular areas that were not detected in either the cytosolic or the mitochondrial fraction. In its deSUMOylated form, Fis1 could be re-localising from said location to the mitochondria which would explain where the increase in Fis1 was coming from. Fis1 in its deSUMOylated form would not localise to this location. In the experiments, the nuclear fraction was not used. Based on this, there may be Flag-Fis1 residing in this fraction. Interestingly, perinuclear ER can often be ‘contaminated’ in the nuclear fraction during the classic hypotonic buffer-based preparation approach, since the perinuclear-ER is continuous with the nucleus (Huber Lukas A. et al., 2003; Shaiken and Opekun, 2014). Subpopulations of Fis1 can localise to the ER (Stojanovski et al., 2004; Ji et al., 2017). Thus, it was hypothesised here that Fis1 in its SUMOylated state could be localising to the ER, in particular to perinuclear ER. To observe this, co-localisation analysis was performed in HeLa cells using anti- GFP-Cb5 and Flag antibodies. Cells were transfected with control (pcDNA3-Flag), Flag-Fis1, Flag-Fis1K149R or Flag-Fis1-SUMO-2ΔGG. Flag-Fis1-SUMO-2ΔGG is the mutant that mimics constitutive SUMOylation). Results of these experiments showed a diffuse appearance of Flag antibody in the control cells as expected for the control. In Flag-Fis1 transfected cells, Fis1 was found to overlap with Cb5 in some areas, but not all. In addition, Flag-Fis1- SUMO-2ΔGG transfected cells, Flag appeared to more closely resemble the pattern of Cb5 staining and was found in areas where Cb5 straining was present. However, Flag-Fis1K149R was not found in areas where Cb5 positive ER structures were found. This suggests that Fis1 in its SUMOylated state is more likely to localise to areas of the cell in which ER is located, whereas Fis1 in non-SUMOylated state does not localise to these areas of the cell in which ER is.
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Figure 6.3. Fis1 and its localisation with the Endoplasmic Reticulum. HeLa cells were transfected with Flag, Flag-Fis1, Flag-Fis1K149R and Flag-Fis1-SUMO-2ΔGG along with the ER marker, GFP-Cb5, for 48 hr. Immunocytochemistry was performed to detect the different Flag constructs (blue) and localisation to GFP-Cb5 (green). Images were acquired using a confocal microscope (Zeiss LSM 880 Airyscan). Scale bar is 10 µm.



[bookmark: _Toc45731541]6.2.4 The SUMOylation status of Fis1 affects its ability to induce autophagosome formation upon DFP treatment
Again, the involvement of Fis1 and its SUMOylation status was investigated in the context of DFP-induced mitophagy, with a focus on autophagosome formation. Cells were transfected with non-specific siRNA as a control, or SENP3 siRNA and either treated with a control (PBS) or DFP, to once again demonstrate the effect of SENP3 knockdown on autophagosome formation using the marker LC3. In addition to these conditions, a further set of experimental conditions were used in a SENP3 knockdown rescue assay, in which Flag-Fis1 or Flag-Fis1K149R were transiently expressed to rescue the defect in autophagosome formation upon DFP treatment seen in SENP3 knockdown cells (Fig. 4.1). Western blot analysis confirmed previous findings that DFP treatment, increases LC3-II and SENP3 levels (Fig. 6.4, lane 2). Again, autophagosome induction was abolished in SENP3 knockdown cells (Fig. 6.4, lane 4). These sets of experiments were performed with co-transfection pcDNA3-Flag as a control for the rescue experiment involving transfection with Flag-Fis1 or Flag-Fis1K149R. Flag-Fis1 and Fis1K149R were both expressed well, as detected by anti-Flag antibody and molecular markers. Transfection of Flag-Fis1 did not restore the LC3-II levels in SENP3 knockdown to the same levels seen in control cells (Nsi) upon DFP treatment (Fig. 6.4, lane 5). In contrast, levels of LC3-II, upon treatment with DFP in SENP3 knockdown cells, were comparable with control cells treated with DFP, when transfected with the non-SUMOylatable Fis1K149R mutant and was therefore able to rescue autophagosome formation in SENP3 knockdown cells (Fig. 6.4, lane 6).
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Figure 6.4. Expressing a SUMOylation-deficient Fis1 mutant reverses the effect of SENP3 knockdown on DFP-induced LC3-II induction. A) pcDNA3, Flag-Fis1 WT or Flag-Fis1 K149R mutant were transfected into HeLa cells in which SENP3 was depleted using siRNA for 48 h, and the cells were treated with DFP for a further 24 h. Lysate samples were blotted as indicated. B) LC3-II levels were normalized against GAPDH (n=1). 




[bookmark: _Toc45731542]6.2.5 The SUMOylation status of Fis1 affects its ability to mediate DFP-induced autolysosome formation
The role of Fis1 SUMOylation was explored further in DFP-induced mitophagy. Here, the mito-pHfluorin was utilised in experiments to observe the effect of Fis1 SUMOylation on autolysosome formation in response to DFP. Under normal circumstances, DFP induces mitochondrial-containing autolysosomes (Fig. 4.4). However, this requires SENP3 and in the absence of SENP3, DFP-induced autolysosome formation is reduced (Fig. 4.7). To investigate whether Fis1 is acting downstream of SENP3 in this pathway, knockdown and rescue experiments were performed whereby SENP3 was knocked down using siRNA and rescued with either Flag-Fis1 or Flag-Fis1K149R in the presence of DFP to observe whether either of these could rescue the defect in autolysosome formation seen with SENP3 knockdown. Importantly, since SENP3 deSUMOylates Fis1, those cells in which SENP3 was knocked down and Flag-Fis1 was expressed, Flag-Fis1 should remain in its SUMOylated state once SUMOylated. After immunocytochemistry for SENP3 and Flag, cells were observed under the microscope and analysed further. In both experiments, SENP3 was successfully knocked down and could not be detected in its usual region of expression, the nucleolus. Immunocytochemistry was able to detect the presence of both Flag-Fis1 and Flag-Fis1K149R, whose levels appeared comparable under the microscope. In cells transfected with wild-type Flag-Fis1, there was no significant difference seen in the number of red puncta, compared with SENP3 knockdown alone (Fig. 6.5). Conversely, in SENP3 knockdown cells rescued with Flag-Fis1K149R, red puncta, indicating autolysosome formation, could be seen and further analysis indicated that this was significantly increased compared to SENP3 knockdown rescued with Flag-Fis1 (Fig. 6.5 B; p>0.0001). Thus, Flag-Fis1K149R was able to restore mitophagic autolysosomes upon DFP treatment in the absence of SENP3, whilst expression of Flag-Fis1 wild-type was not. 

[bookmark: _Toc45731543]6.2.6 Fis1 in its non-SUMOylatable state can induce autolysosome formation in the absence of DFP
If Fis1, in its non-SUMOylatable state, is really capable of mediating mitophagy then over expression of SUMOylation deficient Fis1 mutant, in the absence of DFP, may lead to mitophagy. This was investigated using both biochemical and microscopy techniques. To exclude the potential interference of endogenous Fis1, Fis1 was knocked down in HeLa cells, and Flag-Fis1 or Flag-Fis1K149 was expressed. LC3-II levels were examined using Western blot analysis. In addition, the mito-pHfluorin and either CFP-Fis1 or CFP-Fis1K149R were co-transfected to observe autolysosome formation. Levels of LC3-II were increased in Flag-Fis1K149R expression conditions compared to Flag-Fis1 WT. This suggests that Flag-Fis1K149R can induce autophagosome formation better than WT Flag-Fis1. Meanwhile, overexpression of CFP-Fis1 was able to induce autolysosome formation, as seen by the red puncta (white arrows) in Fig. 6.6 B (top panel). As expected, overexpression of CFP-Fis1K149R also induced red puncta formation, indicating mitochondrial-containing autolysosomes. Interestingly, the level at which autolysosome induction was achieved was significantly greater in the CFP-Fis1K149R transfected cells, as indicated by the white arrows, Fig. 6.6 B (bottom panel) and Fig. 6.6 C. Together, these results indicate that Flag-Fis1 overexpression can induce mitophagy in the absence of DFP, in particular the non-SUMOylatable form of Fis1 can do so more effectively.
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Figure. 6.5. Flag-Fis1K149R recovers the ability to induce mitophagic puncta in the presence of DFP caused by SENP3 depletion. A) SUMOylation deficient Flag-Fis1 K149R in the presence of DFP. Flag-Fis1 WT or Flag-Fis1 K149R mutant were transfected into HeLa cells in which SENP3 was depleted using siRNA for 48 h, and the cells were treated with DFP for a further 24 h. Images were acquired using a confocal microscope (Zeiss LSM 880 Airyscan) Red: mCherry-A or puncta indicating occurrences of mitophagy marked by white arrows; Green: SEP-A; Cyan/blue: CFP-Fis1; Scale bar, 10 μm. B) Histogram depict the average red puncta seen in the three different conditions;  n=21 cells per condition; **** p<0.0001; unpaired t-test.
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Figure 6.6. Fis1 in its non-SUMOylatable state can induce mitophagy, even in the absence of DFP. A) Expression of a SUMOylation-deficient Flag-Fis1 K149R mutant in HeLa cells induces LC3-II; Flag-Fis1 WT or Flag-Fis1 K149R mutant were transfected into HeLa cells for 48 h. Lysate samples were blotted as indicated. B) HeLa cells were transfected with mito-pHfluorin along with either CFP-Fis1 of CFP-Fis1K149R for 48 hr and analysed using the Axiovert 200 M inverted microscope; Carl Zeiss Microimaging, Inc; scale bar is 10 µm. C) Quantitative analysis of the mito-pHfluorin experiment is depicted in this histogram; n=16; p>0.01; unpaired t-test).


[bookmark: _Toc45731544]6.3 Discussion
Here, Fis1 has been identified as a SENP3 deSUMOylation substrate due to alterations in Fis1 SUMOylation levels upon SENP3 knockdown. This has been a really crucial finding in the mapping of this alternative mitophagy pathway as it presents a mechanism through which SENP3 may function during mitophagy. However, whilst the identification of Fis1 as both a novel SUMO substrate and SENP3 substrate is useful, additional substrates cannot be ruled out. Indeed, DFP treatment caused a decrease in SUMO-2/3 conjugates globally, raising the possibility of involvement of additional SENP3 substrates in this pathway (Fig. 3.1). In addition to this, in rescue experiments whereby SENP3 was knocked down and Fis1 was expressed (in different forms) to rescue defects in DFP-induced mitophagy, Fis1 was unable to completely restore levels of mitophagy (Fig. 6.4 and Fig. 6.5). Whilst Fis1 was investigated due to its known roles in mitochondrial fission and potential roles in DFP-induced mitophagy, this style of approach may not always be appropriate, especially for identification of more than one target and can lead to missed targets. Instead, a proteome wide screen could be conducted. Techniques for identification of SUMOylation are fairly limited due to the transient nature of SUMOylation making it difficult to explore SUMOylated proteins that are not frequently SUMOylated. Immunoprecipitation Mass-spectrometry approaches have been described previously, however they may preferentially detect proteins that are more resistant to deSUMOylation or are more commonly SUMOylated, making the pool of SUMOylation candidates bias. An alternative approach, described recently, uses the reconstitution of split fluorescence fragments (Komiya et al., 2017). The N-terminal fragment of the yellow fluorescent protein, Venus, was previously fused with the N-terminus of SUMO-2 (VN-SUMO-2). The C-terminal fragment of Venus was fused to proteins from a randomly extracted mouse cDNA library, termed VC-library. If these proteins are modified by the VN-SUMO-2 in mammalian cells, the two Venus fragments are brought in close proximity and their fluorescence is recovered, highlighted in this schematic (Fig. 6.7). The cells are then further sorted by FACS analysis (Komiya et al., 2017). For this study, a similar method could be performed in control conditions and under DFP treatment and observations made for the changes in SUMOylation between control and DFP treatment. Multiple deSUMOylation substrates for SENP3 could be uncovered, and further analysis, through knockdown studies, could be performed to identify any involvement in DFP-induced mitophagy. This would be an interesting avenue to explore in the future, however, due to the possibility of multiple substrates, there would not have been enough time to explore them in any detail for this thesis.



[image: ]Figure 6.7. Schematic illustrating how Venus split fluorescence recovery works. N-terminus of Venus is fused with SUMO-2 and C-terminal portion of Venus is fused with candidate proteins termed ‘library protein’. Following transfection of both into a cell model, fluorescence is recovered if the library protein is SUMOylated.




SUMOylation can affect the localisation of its target proteins; the classic example of this is SUMO-1-ylation of RanGAP1, which exists in a non-SUMOylated cytosolic form and a SUMO-1-ylated form which targets it to nuclear pore complexes (NPCs) (Matunis et al., 1998). This Chapter highlights how SENP3 interacts with Fis1, with SUMOylated Fis1 acting as a downstream substrate for deSUMOylation. Cell fractionation experiments were performed to determine the cellular distribution of Fis1 and to assess the impact of the SUMOylation status of Fis1 on its localisation to the mitochondria, although it is important to consider that subcellular fractionation does not always allow complete separation of subcellular organelles. Interestingly, the SUMOylation status of Fis1 appears to affect its localisation to the mitochondria, with non-SUMOylatable Fis1 seemingly targeted better to the mitochondria (Fig. 6.2). 
In this mitophagy pathway, it is therefore plausible that SENP3-mediated deSUMOylation of Fis1 allows Fis1 targeting to the mitochondria. The mechanistic benefit of this may lie in the site of SUMOylation, which is at the end of its C-terminus (Fig. 5.7). Fis1 insertion into the membrane requires the last 4 C-terminal amino acids, including K149, the predicted site of SUMOylation (Stojanovski et al., 2004). SUMOylation of Fis1 may act as a molecular switch. This concept is associated with other SUMOylated proteins, including RIM1α in which, in its SUMOylated state, clusters Ca2+ channels for Ca2+ entry and depolarisation evoked pre-synaptic signalling, whilst in its non-SUMOylated state facilitates priming/docking of synaptic vesicles (Girach et al., 2013). It is hypothesised from these data that SUMOylation of Fis1 at the C-terminus may impair insertion of Fis1 into the outer mitochondrial membrane, whereas Fis1 in its non-SUMOylatable state can readily insert into the outer mitochondrial membrane (Fig. 6.2). Indeed, K149 has previously been shown to be important for Fis1 localisation to the mitochondria. Non-conservative mutation of lysine 149 (K149A) can be localised to the mitochondria, although quantitative data comparing levels to WT were missing (Stojanovski et al., 2004). Interestingly, double substitution mutation of both K149 and K151 for Alanine, a non-conservative mutation affecting the overall basic charge of the C-terminus of Fis1, prevented localisation to the mitochondria. It is probable that the charge of the C-terminus is important for Fis1 insertion into the OMM, and that Fis1K149A/151A impairs mitochondrial entry due to the change in overall charge, which may affect protein folding.
With additional time, it would be interesting to confirm whether DFP increases levels of Fis1 at the mitochondria using a cell fractionation assay such as the one used in this thesis. It is hypothesised, as outlined in Chapter 6 Summary Figure, that the increase in SENP3 upon DFP treatment causes Fis1 deSUMOylation and insertion into mitochondrial outer membrane. Whilst this has been partially evidenced, a direct observation of DFP treatment and Fis1 localisation to the mitochondria has not been successfully studied using cell fractionation assays and given additional time, it would be useful to investigate this link further.
As discussed, an increase in Fis1K149R at the mitochondria was observed in Fig. 6.2, whilst its cytosolic distribution remained comparable to Flag-Fis1. This raised the question as to where the additional Flag-Fis1K149R was coming from, since its cytosolic levels were consistent with wild-type levels. The outer nuclear membrane is continuous with the rough endoplasmic reticulum (RER), termed perinuclear ER, and the lumen of both the nuclear envelope and RER are thus shared (Pavelka and Roth, 2010). Due to the potential limitations in subcellular fractionation methods, it is unlikely using the method described in 2.1.9 to fully dissociate all ER from the nuclear membrane and some ER may be isolated in the nuclear fraction. As well as its mitochondrial localisation, Fis1 is known to localise to both ER and peroxisomes (Koch et al., 2005; Ji et al., 2017). In this experiment, it is possible that some Fis1 present at the ER may be lost in the nuclear fraction through association with the nuclear envelope. Should SUMOylation of Fis1 be important for ER localisation, SUMOylation deficient Fis1 mutant may not localise to the ER as efficiently as it does to the mitochondria. As a preliminary step, in the present study, colocalisation experiments using a fluorescently tagged ER marker, GFP-Cb5 (cytochrome b5), and Flag, Flag-Fis1, Flag-Fis1K149R and Flag-Fis1-SUMO-2ΔGG were performed to determine the effect of Fis1 SUMOylation status on ER distribution. From the microscopy images, it appears that Flag-Fis1K149R does not localise to GFP-Cb5 positive ER structures, whilst Flag-Fis1 and Flag-Fis1-SUMO-2ΔGG, a constitutively SUMOylated form of Flag-Fis1, cellular distribution closely resembles the pattern of GFP-Cb5 positive ER (Fig 6.3). These observations indicate that K149 is an important residue in Fis1 targeting to the ER membrane, and these experiments would suggest that this is due to the requirement of SUMOylation. The limitations of this data relate predominately to the lack of repeats associated with microscopy data for the Fis1 ER co-localisation experiments. The co-localisation experiments, to be conclusive, would ideally be repeated to fully validate any conclusions made. Although not always necessary, co-localisation index could be calculated using image analysis software, such as ImageJ, to quantify the co-localisation. 
Nonetheless, these preliminary experiments provide a useful insight into where Fis1 resides in the cells and how the SUMOylation state can affect its subcellular localisation. Where Fis1 is localised to perinuclear ER, this may be lost in cell fractionation preparations that were used in this study which could explain why non-SUMOylated Fis1 at the mitochondria was significantly greater than levels of WT Fis1 despite cytosolic levels being comparable. Some WT Fis1, that may be in its SUMOylated state, may be localised to perinuclear ER. Since Flag-Fis1K149R was shown to not localise to the ER, loss of perinuclear ER in the nuclear fraction would not contain Fis1, whilst loss of perinuclear ER in the nuclear fraction of preparations from Flag-Fis1 WT transfected cells may contain some Fis1. As an improvement, a more robust cell fractionation assay could be performed to successfully separate mitochondria and ER for a more detailed analysis of Fis1 localisation. This has been described previously, where discontinuous sucrose gradient was used to purify ER and mitochondrial components (Williamson et al., 2015). 
In this thesis, it is proposed that during DFP-mediated mitophagy, SENP3 levels are stabilised through CHIP downregulation. SENP3 is capable of deSUMOylating Fis1, allowing Fis1 insertion into the outer mitochondrial membrane. High levels of Fis1 at the mitochondria have been shown to induce autophagy (Gomes and Scorrano, 2008). Whether this requires Fis1 to be in its SUMOylated or non-SUMOylated state has never been studied. Here, overexpression experiments further those previous findings; in this present study, it was observed that CFP-Fis1K149R was capable of inducing mitophagy when expressed, even in the absence of DFP (Fig. 6.6). In particular, Flag-Fis1K149R induced LC3-II and mitophagic autolysosome formation to a greater extent than Flag-Fis1 WT, possibly as a result of its increase mitochondrial localisation (Fig. 6.2). Ideally, these experiments would need to be repeated to increase the n number as a way of ensuring the results are valid. Furthermore, images were not taken using the confocal microscope that was used for all other images in this thesis. For consistency and better clarity of images, confocal microscopy could be used here to produce images of better quality.
Whilst evidence here strongly suggests the involvement of Fis1K149R in a mitophagy pathway, this disagrees with previous findings that a hFis1K148R mutant (equivalent to Fis1K149R used here, in which methionine was included as part of Fis1 sequence), despite localising to the mitochondria, was not capable of LC3-II induction (Gomes and Scorrano, 2008). The probability that this is due to the use of human Fis1 in the former study and mouse Fis1 in this thesis is unlikely, due to the near identical sequence similarity. In addition, it is also unlikely that the Flag tag would have an effect on Fis1-mediated mitophagy, since pcDNA3-Flag on its own neither induced autophagosome formation or autolysosome formation (Fig. 6.4 and Fig. 6.5). It is possible that cell type discrepancies may be at play, with a human cell line being studied in this thesis whilst previous results were obtained in the mouse cell line, MEFs, which may reflect subtle differences in mitophagy pathways between species.

Adding weight to the idea that Fis1 is important for DFP-induced mitophagy, Fis1 was able to rescue the defects in autophagosome and autolysosome formation seen when SENP3 is knocked down with siRNA (Fig 6.4 and Fig 6.5). Fis1 and SENP3 were knocked down with siRNA and Fis1 was replaced with either Flag (acting as an overexpression control) Flag-Fis1 or non-SUMOylatable Flag-Fis1K149R. It is assumed that, due to the absence of SENP3, Flag-Fis1 WT would remain in its SUMOylated state once SUMO conjugation takes place, without the presence of SENP3 to deSUMOylate Flag-Fis1. Of course, some WT Flag-Fis1 may not get SUMOylated and will be present in its deSUMOylated form, hence a slight rescue of autophagosome induction in (Fig. 6.4). In addition, Flag-Fis1K149R was able to induce autolysosome formation in DFP-treated cells when SENP3 was absent more effectively than Flag-Fis1 WT (Fig. 6.5). Fis1 in its wild type state also localised to the mitochondria and was capable of inducing mitophagy when overexpressed, but to a lesser extent than non-SUMOylatable Fis1. The data in this chapter suggests that this is likely to be due to an increase in mitochondrial presence of non-SUMOylatable Fis1, which localises to the mitochondria readily, where it is capable of inducing mitophagy. 
Together, this chapter highlights the mechanism through which SENP3 mediates mitophagy through deSUMOylation of Fis1. This deSUMOylation of Fis1 causes preferential mitochondrial localisation of Fis1. In its deSUMOylated state, Fis1 is capable of inducing mitophagy. This is outlined in the Chapter 6 Summary Figure and a full summary, along with future directions, is discussed in more detail in Chapter 7.



[image: ]Chapter 6 Summary Figure. Model to illustrate how SENP3 and Fis1 interact.
This model is based on results obtained throughout this thesis. SUMOylated Fis1 is a target for SENP3 deSUMOylation, which allows Fis1 to insert into the out mitochondrial membrane using its c-terminal amino acids, one of which, K149R, is the site of SUMOylation.













Chapter 7. General discussion







[bookmark: _Toc45731545]7.1 Summary of main findings 
[bookmark: _Toc45731546]7.1.1 Chapter 3 – The role of SUMOylation in DFP-induced mitophagy
The primary aim of the work carried out in this chapter was to explore the role of SUMOylation in the uncharacterised mitophagy pathway in which the iron chelation drug, Deferiprone (DFP), is believed to activate. This work builds upon previous work in which it was shown that DFP induces mitophagy in a PINK1/Parkin-independent manor (Allen et al., 2013). This is of particular relevance for its use as a potential therapy in Parkinson’s disease, and especially for those patients with mutations in PINK1 or Parkin which make up a large percentage of autosomal-recessive early-onset Parkinson’s disease cases (Bonifati, 2012). Prior to this current study, it was unclear exactly how DFP could induce PINK1/Parkin-independent mitophagy. Therefore, this work was conducted to understand the molecular mechanisms that underpin a PINK1/Parkin-independent mitophagy pathway, induced by DFP, to better understand mitophagy mechanisms which are relevant to diseases in which mitophagy is perturbed, such as Parkinson’s disease. There has been growing interest in the role of SUMOylation in age-related disease, with the imbalance of SUMOylation and deSUMOylation being associated with the development of certain neurodegenerative diseases, including Parkinson’s disease (Guerra de Souza et al., 2016). Of relevance to this thesis, SUMOylation and deSUMOylation have been implicated in autophagy through various target proteins (Yao et al., 2019). Whether SUMOylation plays a role in the mitochondrial-specific autophagy pathway, mitophagy, is yet to be established and in particular, whether there may be an involvement of SUMOylation in DFP-induced mitophagy (Matsuzaki et al., 2015; Ficulle et al., 2018). It is true that SUMOylation has been shown to be involved in mitochondrial dynamics and it may be that there is a role for SUMOylation in mitophagy through the SUMOylation or deSUMOylation of mitochondrial target proteins (Yao et al., 2019). Thus, the work in this results chapter was carried out to establish whether a link between DFP-induced mitophagy and SUMOylation existed.
The primary findings from this work highlight a role for SUMOylation in DFP-induced mitophagy, in particular the work shows that SUMO-2/3-ylation, but not SUMO-1-ylation, is significantly downregulated following treatment with DFP. On further investigation, the SUMO deconjugating enzyme, SENP3, was shown to be upregulated. Both SENP3 and SENP5 were investigated and SENP5 was ruled out of any involvement in DFP-induced mitophagy due to no changes at the protein level following DFP treatment, whilst a significant increase in SENP3 was seen. This highlights the specificity of deSUMOylation enzymes for their substrates. The idea that SENP3 could be involved in mitochondrial-specific autophagy adds weight to published data suggesting SENP3 is a regulator of general autophagy through deSUMOylation of the autophagy adaptor, Beclin-1 (Liu et al., 2019). SENP3, in addition to its involvement in autophagy, is known for its role in response to cell stress (Guo et al., 2013; Han et al., 2010). During cell stress, SENP3 is stabilised through a mechanism involving thiol-modification of its active site cystine residue, allowing Hsp90 recruitment and prevention of CHIP-mediated degradation. Mitophagy is often a response to cell stress, particularly oxidative stress and this work, in combination with previous studies on SENP3 in cell stress, presents a possible involvement of SENP3 in mitophagy. It was not exclusively investigated in this thesis, however the involvement of SENP3 in other mitophagy pathways, such as cell stress-induced mitophagy should not be ruled out. Only the involvement of SENP3 in DFP-induced mitophagy was explored here to understand specifically the molecular mechanisms of DFP treatment to provide insight into how the drug could benefit Parkinson’s disease patients. As a potential route for expanding on this work, the nature of SENP3 involvement in mitophagy induced by other stimuli, could be explored to establish a general role for SENP3 in mitophagy, not just DFP-induced mitophagy, and is discussed in more detail in Chapter 3 of this thesis. 
In this chapter, the mechanisms through which SENP3 is stabilised upon DFP treatment were investigated to understand, in more detail, how the iron chelation drug works through regulation of SENP3.  The E3 ubiquitin ligase CHIP, is a regulator of SENP3 (Yan et al., 2010). The work carried out in this thesis supports this; consistent with the finding from the previous study, in this thesis knockdown of CHIP in HeLa cells elevates SENP3 levels, adding weight to the idea that CHIP is a true regulator of SENP3. The primary findings surrounding the regulation of SENP3 by DFP was that DFP causes downregulation of CHIP, but not as a result of its degradation. This finding raises the question as to how DFP reduces CHIP levels, if not through proteasomal degradation. Indeed, there is evidence that exists for a role of DFP in altering gene expression (Khodaverdian et al., 2019). Further work to understand the mechanism of DFP-induced CHIP downregulation could be achieved through observing changes in CHIP at the gene level through use of qPCR. This technique would allow quantitative analysis of CHIP gene expression in cells treated with a control or DFP to understand whether DFP affects CHIP expression. 
The effect of CHIP downregulation on SENP3 was also highlighted in this work, with SENP3 levels increasing in response to DFP or CHIP knockdown. The mechanism of this relationship was investigated through use of proteasomal inhibitors and it suggests that SENP3 stabilisation upon DFP treatment is due to a reduction in proteasomal degradation, most likely as a result of a decrease in CHIP. The limitation surrounding this is only a one-time experiment was performed and at least two more should be performed in order to be able to form valid conclusions tested through significance. 
Another novel finding in this work was the identification of Parkin as a possible regulator of SENP3 in HEK293 cells. As a preliminary finding, the same experiment is needed to be repeated in order to produce any valid conclusion, but it does highlight the possibility that Parkin could regulate SENP3. Parkin and CHIP have been identified to exist in a complex together (Imai et al., 2002). Results in this thesis indicate this also, with ParkinR42P seemingly not binding as effectively to CHIP in a GFP pulldown assay. With additional repeats and observations of SENP3 levels, this data could explain the decrease in SENP3 protein levels seen in Parkinson’s disease patient fibroblasts carrying the R42P mutation in Parkin, through a decrease in Parkin-CHIP interactions and subsequent degradation of SENP3 by free CHIP (outlined in Fig. 3.11). As discussed in Chapter 3, these results are in contrast to those presented previously, in which Parkin knockdown by siRNA in HeLa cells did not affect SENP3 levels (Yan et al., 2010). It was discussed, in Chapter 3, that one potential limitation to this was the use of HeLa cells, which are not an established cell line for Parkin expression (Denison et al., 2003). Whilst Parkin knockdown was confirmed at the gene level in these cells, the protein level was not investigated so it remains uncertain as to whether Parkin was expressed at the protein level in these cells to begin with and the literature would suggest not (Denison et al., 2003; Pawlyk et al., 2003). As a way of building upon these findings, it would be beneficial to this research to use a more relevant model cell line for this investigation, such as SH-SY5Y (neuronal cell line) or the human dopaminergic neuronal cell line, LUHMES, as an in vitro model. This would help understand the role that Parkin plays in SENP3 regulation in a neuronal setting, in particular in the cell type affected in Parkinson’s disease.   
Together, the main aim of identifying a role for SUMOylation in DFP-induced mitophagy was achieved and this works helps to set the foundations for a more thorough investigation into the mechanisms through which DFP acts in order to induce mitophagy, as will be discussed further in this chapter. 

[bookmark: _Toc45731547]7.1.2 Chapter 4 – SENP3 is a mediator of DFP-induced mitophagy
As SENP3 appeared to be affected by DFP, its role in the DFP-induced mitophagy pathway was assessed further, in particular its involvement in the two key steps of mitophagy; autophagosome and autolysosome formation, were assessed. These processes were investigated using Western blotting and microscopy techniques respectively. SENP3 has some known roles in general autophagy, although a direct link between SENP3 and mitochondrial specific autophagy has not yet been established and it remained unclear what role SENP3 plays in DFP-induced mitophagy, if any (Liu et al., 2019). Thus, the primary aim of the work in this chapter was to identify a role for SENP3 in DFP-induced mitophagy to better understand the mechanisms driving this uncharacterised, PINK1/Parkin-independent mitophagy pathway. Secondary to this aim, and in order to assess the effects of SENP3 in DFP-induced mitophagy, the additional aim was to produce and validate a tool to successfully detect and quantify mitophagy.
There is emerging evidence for SUMOylation in general autophagy (Shahpasandzadeh et al., 2014; Gupta and Robbins, 2016). Quite recently, a role for SENP3 in autophagy has been explored in several studies (Zeng and Chai, 2018; Liu et al., 2019). In the former, increased levels of SENP3 were linked to increased levels of LC3-II in granulosa cells (Zeng and Chai, 2018). The results in Chapter 4 are in agreement with those found in this study and further emphasises a role for SENP3 in autophagy in an additional cell type, here in HeLa cells. In this thesis, it was shown that knockdown of SENP3 prevents a DFP-induced increase in LC3-II which highlights a role for SENP3 in DFP-induced mitophagy. DFP has been confirmed as a mitochondrial-specific autophagy inducer, although mitophagy markers were not investigated per se in these sets of experiments. A common autophagy marker used in DFP-induced mitophagy is the adaptor protein p62: an increase in p62 is associated with impaired autophagy whilst a decrease in p62 indicates autophagy induction. Generally, SENP3 knockdown has been shown to increase p62 levels, most likely indicative of autophagy impairment (Zeng and Chai, 2018). In terms of DFP treatment, conflicting data exist in regard to p62 levels; p62 has been shown to rapidly decrease following 24 hours of DFP treatment (Sargsyan et al., 2015; Yamashita et al., 2016), whilst in another study p62 robustly increased with 24 hours DFP treatment and it was concluded that p62 was important for DFP-induced mitophagy (Allen et al., 2013). Remarkably, the three investigations were all conducted in HeLa cells. This really demonstrates the limitations of using cell cultures as a model and, whilst they have been incredibly useful in the past, are not always consistent between, and sometimes within, different research groups.
The second part of this Chapter focused on constructing a mitophagy-detection tool to enable autolysosome detection within fixed cells. Mitophagy is considered a two-part process, involving first autophagosome formation to surround the damaged mitochondria, followed by autophagosome fusion with lysosomes, forming autolysosome and subsequent degradation of contents (Yang and Klionsky, 2009). A limitation associated with mitophagy detection is the availability of suitable reporters. The mito-Keima is a dual-fluorescence mitochondrial-matrix targeted reporter that allows detection of mitochondria and mitochondria containing autolysosomes. The greatest limitation with this tool, and as demonstrated in this thesis, is its incompatibility with fixation methods, which disrupt the pH gradient that mito-Keima relies on. In addition to this, mito-Keima can also exhibit spectral overlap (Williams et al., 2017). A tandem fusion of mCherry and a pH-sensitive GFP variant tagged with a mitochondrial outer membrane (MOM) protein has been reported to be stable under fixed conditions. Termed mito-QC, the tandem fluorescent tag (mCherry and GFP) is fused with a portion of Fis1 comprising amino acids 101 – 152 which tags the mitochondria both red and green, however the GFP is quenched in the lysosome whilst the mCherry remains stable allowing detection of mitochondria-containing autolysosomes (Allen et al., 2013; McWilliams et al., 2016). Due to the use of Fis1, including the C-terminal amino acids, as a mitochondrial targeting protein, it was not suitable to use in this study in which the roles of Fis1 would be investigated. Therefore, it was necessary to generate a tool in order to successfully detect autolysosomes. The tool that was made with optimisation, based on the same rationale for mito-QC, using pH-sensitive SEP (the GFP-variant) and ActA as the mitochondrial targeting sequence and was termed mito-pHfluorin. Through validation using anti-COXIV it was confirmed that the mito-pHfluorin successfully localised to the outer mitochondrial membrane in HeLa cells. Further validation also confirmed that red puncta was detected significantly more in cells treated with DFP, indicating mitophagy induction through an increase in autolysosomes. Criteria was set out in order to robustly identify autolysosomes, which are known to be heterogeneous in shape and size (Calle et al., 2011). Often multiple autophagosomes may fuse with a single lysosome; whilst this may appear as one red dot, it may be larger than the red puncta in which only one autophagosome has fused with one lysosome. To overcome this, red puncta intensity was assessed which factors in the shape and size of the autolysosomes. Following this, a screening experiment was conducted to identify the median red puncta intensity which was set as the threshold for autolysosome detection.
After initial validation and criteria measurements, the mito-pHfluorin was utilised as a probe to detect the involvement of SENP3 in autolysosome formation upon DFP treatment. The data showed that with SENP3 knockdown, autolysosome formation was significantly decreased, and which supports the evidence for an involvement of SENP3 in both steps of mitophagy during DFP treatment, which is in agreement with results obtained by another research group in which SENP3 overexpression was shown to induce autophagy (Zeng and Chai, 2018).
This chapter is important to the overall scope of the thesis, in which our understanding of the involvement of SENP3 in DFP-induced mitophagy has been established. In addition, the mito-pHfluorin tool created for the detection of autolysosome formation in this chapter has been validated for its use and provides a useful and robust tool for the detection of mitophagy in the future. Overall, SENP3 appears to be a key mediator of DFP-induced mitophagy, although it remained unclear exactly how SENP3 is involved.

[bookmark: _Toc45731548]7.1.3 Chapter 5 – Fis1 in DFP-induced mitophagy: a novel SUMOylated target for SENP3
The primary aim of this chapter was to determine the down stream target(s) of SENP3 in order to piece together how SENP3 facilitates mitophagy when induced by DFP to better understand the alternative mitophagy pathway, which could be a potential useful target in patients with Parkinson’s disease. SENP3 has previously been linked to the mitochondria through deSUMOylation of the dynamin-related protein 1 (Drp1), through which deSUMOylation causes localisation of Drp1 onto the mitochondrial outer membrane to promote cytochrome c release and apoptosis (Guo et al., 2013). However, Drp1 was ruled out of the investigation due to previously being identified as being superfluous for DFP-induced mitophagy (Yamashita et al., 2016). Due to its links with mitochondrial turnover and mitophagy, Fis1 was identified as a possible target for SENP3 deSUMOylation and was investigated further. 
The work in this chapter, to the best of my knowledge, is the first research to validate Fis1 as a SUMO-2/3 substrate. Previous work supports the theory that Fis1 could be a SUMO target as a mass spectrometry screen flagged Fis1 as a potential SUMO-1 target (Tirard et al., 2012). Therefore, to further validate these findings, Histidine purification and Western blot analysis were used in combination to confirm whether Fis1 was an authentic target for SUMOylation.  Exploring the possibility of SUMOylation of Fis1 not only adds weight to its potential as a SENP3 substrate, but can also allow for further studies into roles of Fis1 due to the changes in its SUMOylation status in various molecular pathways where Fis1 is involved in.
The involvement of Fis1 in DFP-induced mitophagy is evident at both mitophagic stages as Fis1 knockdown resulted in a reduction in LC3-II and the number of red puncta, indicative of autophagosomes and autolysosomes, respectively. The results complemented those from a previous study in which KO of Fis1 decreased the ability of DFP to induce mitophagy through a reduction in autolysosomes (Yamashita et al., 2016). This further strengthens the conclusion from previous studies that Fis1 is important for mitophagy (Rojansky et al., 2016; Pei et al., 2018). Here, the results from this thesis indicate that Fis1 has some role in DFP-induced mitophagy, which has previously been identified as being PINK1/Parkin-independent. This strengthens claims from other research groups that Fis1 is involved in a PINK1/Parkin-independent mitochondrial quality control pathway (Xian et al., 2019). 
The identification of the site of Fis1 SUMOylation was another novel and crucial finding in the understanding of Fis1 SUMOylation itself, but also provides a useful tool when investigating the effect of SUMOylation on Fis1 in future experiments further on in this thesis. The site of SUMOylation was identified as K149 through mutagenesis of Fis1 and Histidine pulldown assays with His-SUMO. Currently, there are no known mutations in Fis1 that cause disease in Humans, however it is well established that aberrant expression of Fis1 is linked with certain diseases, in particular neurodegenerative diseases, and has been suggested as a biomarker in the detection of Alzheimer’s disease (Wang et al., 2009; Wang et al., 2012). Therefore, further work into the function of Fis1 and, in particular, on the impact of Fis1 SUMOylation, is required in order to understand how aberrant expression/SUMOylation could lead to disease.
These experiments highlight a role for Fis1 in mitophagy, building on work by other groups. Importantly, Fis1 has been demonstrated as a novel SUMO-2/3 substrate. It is therefore of interest to investigate how this SUMOylation of Fis1 may impact its toles in DFP-mitophagy. 

[bookmark: _Toc45731549]7.1.4 Chapter 6 - Functional analysis of SENP3 and Fis1 in DFP-induced mitophagy
The aim of the final chapter of this thesis was to elucidate the pathway through which SENP3 acts to mediate DFP-induced mitophagy, following on from work in previous chapters that demonstrated the involvement of both SENP3 and Fis1 in DFP-induced mitophagy. The relationship between SENP3 and Fis1, up until this point, was not fully understood but a potential relationship was hypothesised in which SENP3 could deSUMOylate Fis1, since it was discovered that Fis1 was a SUMO-2/3 target in the previous chapter and SENP3 has preference for SUMO-2/3 targets (Gong and Yeh, 2006). The second aim was to clarify a role for Fis1 SUMO/deSUMOylation in this pathway. If Fis1 SUMOylation/deSUMOylation was playing a role in DFP-induced mitophagy, it was hypothesised that Fis1 would be deSUMOylated by SENP3, since levels of SENP3 increase with DFP treatment. Uncovering the role of Fis1 in both its SUMOylated and deSUMOylated state in this mitophagy pathway would aid in a more complete explanation of how SENP3 acts to induce mitophagy, and the molecular mechanisms of this alternative mitophagy pathway. Understanding the role of SUMOylation within this pathway also highlights the importance of SUMOylation in autophagic pathways, complementing those studies that link SUMOylation with autophagy/mitophagy related diseases mentioned throughout this thesis. A crucial experiment, linking SENP3 with Fis1, revealed that Fis1 could be deSUMOylated by SENP3 and thus presented a potential target through which SENP3 acts in DFP-mediated mitophagy. 
Through knockdown experiments it was confirmed that Fis1 is important for DFP-induced mitophagy induction with respect to both autophagosome and autolysosome formation. Following this, it was important to determine whether Fis1 was required in its SUMOylated or non-SUMOylated state. Based on previous data indicating a role for SENP3 in DFP-induced mitophagy, it was hypothesised that Fis1 in its de-SUMOylated state would be required in this mitophagy pathway. A role for Fis1 SUMOylation in the pathway was ascertained through the manipulation and utilisation of a Fis1 SUMOylation deficient mutant: Fis1K149R. This was an advantageous tool for investigating the roles of Fis1 due to changes in its SUMOylation status in DFP-induced mitophagy. Notably, SUMOylation is known to affect protein localisation (Sun et al., 2014). Since high levels of Fis1 at the mitochondria are known to induce mitophagy, it was hypothesised that the Fis1 localisation is crucial to its function in inducing mitophagy and that dynamic changes of SUMOylation and deSUMOylation could be involved in Fis1 targeting or insertion into the mitochondria membrane (Gomes and Scorrano, 2008). In addition, given that SENP3 levels increase during DFP-induced mitophagy, it was hypothesised that Fis1 deSUMOylation would increase its ability to localise to the mitochondria and/or to induce mitophagy. The work carried out in Chapter 6 identified Fis1 SUMOylation as playing a role in its localisation to the mitochondria. Multiple techniques were utilised, including cell fractionation assays and immunofluorescence microscopy, to build a valid conclusion that Fis1 deSUMOylation allows Fis1 to localise to the mitochondria and induce mitophagy.
The work in this chapter ties together the work carried out in the other results chapters of this thesis to identify the molecular mechanisms through which DFP functions to induce mitophagy. As SUMOylation deficient Flag-Fis1 can restore autophagosome and autolysosome formation better than wild-type when SENP3 is absent, this highlights the relationship between SENP3 and Fis1; that Fis1 is required to be in its non-SUMOylated state in this DFP-induced mitophagy pathway. Thus, the SUMOylation status of Fis1 appears to affect its ability to facilitate mitophagy.

[bookmark: _Toc45731550]7.2 Future directions 
The work carried out in this thesis uses culture systems that are easy and economical to maintain and are established in the field for their association. In addition, cells were selected for their use in mitophagy/autophagy assays, in particular, experiments in which PINK1/Parkin-independent mitophagy is being investigated (Thomas and Smart, 2005; Muñoz-Braceras and Escalante, 2016). However, both HeLa and HEK293 cells, although a good starting point for investigations into general mitophagy, are not neuronal origin and further work would ideally be conducted in neuronal cell lines more relevant for research into Parkinson’s disease, for which this research is relevant to. Primary neuronal cultures derived from healthy subjects and Parkinson’s disease patients would really allow investigations into how mitophagy is induced under control and disease backgrounds. Furthermore, to asses the role of Fis1 in mitophagy further, Fis1 KO cells would be useful to confirm experiments in which Fis1 siRNA has been used as this would completely abolish the presence of Fis1 to allow for more robust assays. An example of this would be HeLa CRISPR/Cas9 knockout cells, which would be useful since they would originate from the HeLa cell line used throughout this thesis, allowing comparisons to be made within the same cell line.
Further work into the downstream effectors of Fis1 would also provide a more thorough and clear understanding of how DFP functions to induce mitophagy and the mechanisms of a PINK1/Parkin-independent mitophagy pathway. There are reports of Fis1 interactors that have known implications in mitophagy, such as TBC1 (Tre-2/Bub2/Cdc16) domain family member 15 (TBC1D15) (Onoue et al., 2013). TBC1D15 is a member of GTPase activating proteins (GAP) for Rab GTPases (Chen et al., 2017). Importantly, TBC1D15 is a Rab7 GAP and functions in regulating lysosomal morphology (Peralta et al., 2010). TBC1D15 has also been shown to interact with Fis1 and localise to the mitochondria when co-expressed with Fis1 in HeLa cells (Onoue et al., 2013). Knockdown of TBC1D15 produces similar cellular effects at knockdown of Fis1; that is, elongated mitochondrial networks (Onoue et al., 2013). It has been suggested that Fis1 and TBC1D15 work together in regulation of mitochondrial dynamics. Mitochondrial dynamics refers to process of mitochondrial fusion, fission, mitochondrial interactions and mitophagy collectively (Chen and Chan, 2017).  Whether TBC1D15 is recruited to SUMOylated Fis1 or Fis1 in its non-SUMOylated state is not known, although data from this thesis suggests non-SUMOylated Fis1 localises to the mitochondria better, where it may be more likely to interact with TBC1D15 to regulate mitochondrial dynamics, and a diagram highlighting this interaction can be seen in Fig. 7.1. In addition, whether the two interact together to induce PINK1/Parkin-independent mitophagy is not yet determined. Additional data suggest that TBC1D15 is involve in autophagosome formation through interactions with both Fis1 and LC3/GABARAP family member, although this was observed in the presence of Parkin and it is unknown whether this pathway can function independently of Parkin (Yamano et al., 2019). To assess this, the effect of knockdown of TBC1D15 in HeLa cells (absent of Parkin) could be observed and autophagosome and autolysosome presence detected by methods outlined in this thesis. This would determine initially whether TBC1D15 was necessary for DFP-induced/Fis1-dependent, mitophagy.



[image: ]Figure 7.1 Schematic of potential interaction of Fis1 with TBC1D15 in DFP-induced mitophagy.
Fis1 in its deSUMOylated state can localise to the mitochondria. Fis1 is thought to recruit TBC1D15 to the mitochondria where it interacts with LC3-II on the isolation membrane to form the autophagosome.



To better understand the downstream interactors of Fis1 in this pathway, including its interactions with TBC1D15, binding assays could be performed. Affinity purification could be performed, using immunoprecipitation by detecting the interaction between exogenously expressed tagged-Fis1 and TBC1D15, and by assessing the association between endogenous Fis1 and TBC1D15. Bio-ID experiments could also be conducted in the presence and absence of DFP. This would highlight the different interactome of Fis1 under different conditions, which may differ as a result of its SUMOylation state and preference to localise to the mitochondria. These could be investigated in more detail with knockdown studies to determine whether these interactors are necessary for a Fis1-dependent, mitophagy pathway. Since PINK1/Parkin is superfluous for DFP-induced mitophagy, this research could allow for potentially new targets for the treatment of Parkinson’s disease, particularly patients carrying mutations in PINK1 or Parkin.
Another suggestion for future consideration would be to stably express mito-pHfluorin using either G418 (Geneticin) selection protocol or viral infection. One of the challenges of transient transfection is to achieve uniform and consistent transfection inter- and intra-cell samples. Whilst the transfection reagents used offer high transfection efficiency, this varies within the population of cells themselves and may vary from sample to sample. To achieve a more genetically homogenous cell line and to make expression more consistent, mito-pHfluorin could be stably expressed through generation of stably expressing HeLa cells in which mito-pHfluorin integrates into the host genome. This was not performed in this thesis due to time constraints and challenges that are associated with stable transfection, including low transfection/integration frequency. Given more time, this could be a better approach for use in imaging experiments where mito-pHfluorin is required.
An interesting avenue to explore in addition to the work carried out in this thesis would be to identify whether SENP3 is involved in the ferritinophagy pathway, in addition to mitophagy. The focus of this thesis has been on iron chelation induced mitophagy mediated by DFP. To build upon this, DFP-induced ferritinophagy could also be investigated. Ferritinophagy is the lysosomal degradation of ferritin; a step in the release of iron stores from ferritin itself. Ferritinophagy is often in response to low iron levels, in which ferritin is degraded and iron stores are released to restore levels for use in important cellular process, such as oxidative phosphorylation (Oexle et al., 1999). More recently, ferritinophagy has been linked with ferroptosis regulation, a form of iron-mediated cell death and dysregulation of iron metabolism and ferroptosis has been associated with neurodegeneration (Wu et al., 2018). Iron chelators can lead to Ferritin degradation and the route of its degradation is determined by the specific iron chelator. The proteolytic process of ferritin degradation is known as ferritinophagy when nuclear receptor coactivator 4 (NCOA4) is involved in ferritin delivery to the autophagosome (Huang et al., 2018). It remains to be seen whether DFP can induce ferritinophagy and if so, whether SENP3, is also involved in this pathway. Currently, only Deferoxamine (DFO) has been shown to induce ferritinophagy mediated by NCOA4, but whether other iron chelators, such as DFP, have a similar action in inducing ferritinophagy was not been well studied (De Domenico et al., 2009). Namely, DFP was shown to not induce LC3-II in HeLa cells, contrary to what has been demonstrated in this thesis and other studies (Allen et al., 2013; Yamashita et al., 2016). In addition, throughout this particular study, DFP was used at concentrations of 100 µM in HeLa cells. In other cell types (SHSY5Y cells), this concentration was determined as suboptimal as less that 10% of cells underwent mitophagy (Allen et al., 2013). In this thesis, concentrations of 1 mM were used in HeLa cells which achieved good induction of mitophagy in cells with minimal toxicity to the cells. Thus, it is difficult to conclude whether DFP can or cannot induce ferritinophagy in this study when low doses are used. It would be of interest to treat HeLa cells with DFP and determine levels of ferritin and the autophagy marker, LC3-II. If a role of DFP in this pathway is determined, further investigation into whether SENP3 is involved would need to be performed, potentially through knockdown studies.
On the notion that different iron chelators can cause differential effects in ferritinophagy, it would be worth exploring if this is also true for mitophagy and whether SENP3/Fis1-mediated mitophagy is necessary for other iron chelators, such as DFO, to induce mitophagy. Furthermore, whether SENP3 and Fis1 are required for alternative mitophagy inducers outside of iron chelators should also be explored to determine whether this pathway is iron chelation specific or a more general response. Paraquat is a drug that is used to induce mitophagy through mitochondrial dysfunction. Although it has been shown to induce PINK1/Parkin-mediated mitophagy, it would be interesting to observe whether SENP3 is involved in an alternative mitophagy pathway in the absence of PINK1/Parkin pathway, such as Parkinson disease patient fibroblasts cells or HeLa cells, which lack Parkin, when treated with Paraquat (Sun et al., 2018). Understanding whether SENP3 is involved in mitophagy induction with a variety of mitophagy inducers can help understand the alternative pathway, how it works, and potential treatments for Parkinson’s disease.
Conclusions
Diseases in which autophagy dysfunction is a contributing factor can be difficult to treat. That is because balance is needed for appropriate levels of autophagy and organelle-specific autophagy, such as mitophagy; too little mitophagy and damaged mitochondria can build up, contributing further to oxidative stress. However, too much mitophagy and mitochondria are rapidly destroyed. In both incidences, cell death can occur. Therefore, research into mitophagy is valuable and may provide a more thorough understanding of diseases in which mitophagy is disrupted, such as in Parkinson’s disease, and how these diseases can be properly treated. In addition, understanding the molecular mechanisms of drugs that induce mitophagy, such as DFP, may also allow for a more precisely targeted approach. In its entirety, this thesis uncovers some molecular mechanisms through which DFP works to induce a PINK1/Parkin-independent mitophagy, as outlined in Summary Figure 1. DFP appears to work through the downregulation of CHIP, although the exact mechanism of this was not explored in detail. As a result, the degradation of SENP3 by CHIP is reduced, and SENP3 levels increase. SENP3 is capable of deSUMOylating Fis1 and Fis1 in its deSUMOylated state, as demonstrated in this thesis, localises to the mitochondria. Fis1 in its non-SUMOylated state at the mitochondria is capable of inducing mitophagy, although it remains to be investigated exactly how Fis1 achieves this.
 



[image: ]




Summary Figure 1. Model for DFP-induced mitophagy
This schematic summarises the main findings of this thesis and portrays the molecular mechanisms that underpin the mitophagy pathway through which DFP acts.
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Appendix 3. SENP3 is successfully knocked down by siRNA cocktail
(A) Transfection of siRNA against SENP3 for 72 hours knocked down SENP3.
(B) [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Quantification of SENP3 normalised against β-Actin revealed 50% knockdown efficiency; n=3; **, p<0.01, paired t-test
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