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Abstract 

Autophagy functions as a cellular recycling and quality control pathway and is likely 

responsible for maintenance of viable mitochondria by mitophagy, even though exact 

mechanisms remain unclear. Mitophagy is characterised by accumulation of the 

protein kinase PINK1 on damaged mitochondria from where it recruits the E3-ligase 

Parkin, leading to ubiquitination of damaged mitochondrial proteins, marking them 

for autophagic engulfment. PINK1 and PARK2 (Parkin) mutations are linked to early-

onset Parkinson’s disease (PD), suggesting defects in mitophagy could contribute to 

PD pathogenesis. Considering most research regarding mitophagy and PD are carried 

out in non-neuronal cell models, this study sought to identify the mechanisms of 

mitochondrial degradation and whether this involved the autophagy pathway in cell 

models of neuronal origin (SH-SY5Y cells), and in mouse embryonic stem cells 

(mESC), and human induced pluripotent stem cells (hiPSC) that have the potential to 

become differentiated towards the neuronal lineage.  

 

In SH-SY5Y cells, treatment with the mitochondrial uncoupler FCCP led to activation 

of autophagy and degradation of mitochondrial markers TOM20, TIM23, and 

VDAC1. Inhibition of ULK1 or PIK3C3 did not affect degradation of damaged 

mitochondria, suggesting canonical autophagy is not involved. Proteasomal 

degradation was important instead. FCCP did not lead to mitochondrial degradation in 

mESC and likely inhibited autophagy. In presumptive neuronal precursor hiPSC, 

FCCP induced autophagy, but not classical mitophagy. hiPSC differentiated into 

presumptive dopamine (DA) neurons showed FCCP-mediated loss of mitochondrial 

markers in control cells, which was not affected by autophagic or proteasomal 

inhibition. PD hiPSC had fragmented mitochondria and increased susceptibility to 
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FCCP cytotoxicity, suggesting mitochondria could be intrinsically damaged. 

Combined, the findings show mitophagy and involvement of autophagy are 

differentially regulated in different cell types of neuronal origin, underscoring the 

importance of appropriate selection of cell models for PD related research. The data 

also supports the notion that mitophagy/autophagy are differentially regulated in 

presumptive DA neurons obtained from hiPSC of normal and PD patients, suggesting 

that hiPSC cells may provide a good model system for further investigation of 

mitophagy in PD. 
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1.0 Parkinson’s disease and its effect on dopamine neurons 

1.0.1 Characteristics of Parkinson’s disease 

Parkinson’s disease (PD) is a progressive neurodegenerative disorder affecting 1 % of 

the older adult population over the age of 60 and is a major social health problem due 

to its prevalence and lack of effective treatment (Haelterman et al., 2014, Reeve et al., 

2014). There is no cure yet for PD and available treatment, which targets dopamine 

neurons, can only help control patient symptoms. Clinical characteristics of PD 

encompass tremor, increased muscle tone, slow movements, and impaired gait and 

balance, but depression and sleep disturbance are often observed as well. Pathological 

hallmarks include the Lewy bodies (LBs), protein aggregates that contain mainly α-

synuclein, that can be found in neurons and neurites, glia, and presynaptic terminals, 

and progressive loss of dopamine (DA) neurons in the substantia nigra (SN), resulting 

in depletion of DA and derangements of neuronal circuits in the target regions of these 

neurons (Jellinger, 2009, Exner et al., 2012). However, not all Parkinson affected 

people have LBs and sometimes LBs are found in individuals that did not have any 

reported PD symptoms.  

 

The majority of PD cases are sporadic with only approximately 5-10 % of the PD 

cases being familial (Celardo et al., 2014). Risk factors for development of sporadic 

PD are barely known, but age is considered to be important. Autosomal dominant PD 

is often caused by mutations in genes encoding α-synuclein (SNCA), leucine rich 

repeat kinase 2 (LRRK2), or vacuolar protein sorting 35 (VPS35), which all affect 

complex I of the electron transport chain (ETC). Complex I is one of the four 

complexes that make up the mitochondrial ETC that is responsible for generation of 

energy in the form of adenosine triphosphate (ATP) (see section 1.1.1). Mutated 
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SNCA, LRRK2, and VPS35 negatively affect complex I activity, resulting in altered 

mitochondrial function and reduced ATP production. Autosomal recessive, juvenile 

Parkinsonism (AR-JP) has been linked to mutations in either PARK2 (Parkin), 

phosphatase and tensin homolog (PTEN)-induced putative kinase protein 1 (PINK1), 

or DJ-1 (Valente et al., 2004, Celardo et al., 2014). Defects in PARK2 are responsible 

for most children and young adults PD cases, whereas mutations in PINK1 are the 

second most frequent cause (Valente et al., 2004). Both Parkin and PINK1 are 

involved in the selective removal of mitochondria by the autophagy system, named 

mitophagy, which will be discussed in section 1.3.5. 

 

1.0.2 Events that could contribute to the development of Parkinson’s disease 

It is unknown whether observed mitochondrial pathology is the primary cause of 

pathogenesis in PD or whether mitochondrial damage is a consequence of damaged 

neurons. However, the fact that many of the genes responsible for familial forms of 

PD are related to mitochondria or mitochondrial function and the observation that 

exposure to the mitochondrial neurotoxin 1-methyl-4-phenyl-1, 2, 3, 6-

tetrahydropyridine (MPTP) mimicked PD pathology in animal models, strengthens the 

hypothesis that mitochondrial dysfunction may lie at the basis of PD (Martinez and 

Greenamyre, 2012, Haelterman et al., 2014). MPTP inhibits complex 1 activity and 

exposure to its toxic metabolite 1-methyl-4-phenylpyridinium (MPP+) caused 

mitochondrial fragmentation in primary neurons and neuronally-derived SH-SY5Y 

cells, which led to increased mitophagy (Zhu et al., 2007, Wang et al., 2011b).  

 

Neuroinflammatory mechanisms could also be a possible contributor to the death of 

DA neurons as observed by both post-mortem and in vivo studies in PD patients 
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(Hirsch and Hunot, 2009). Mitochondrial defects or defective mitophagy can lead to 

exposure of mitochondrial DNA (mtDNA), which is able to activate a Toll-like 

receptor (TLR) 9-mediated inflammatory response since it contains hypomethylated 

CpG motifs resembling bacterial DNA (Zhang et al., 2010, Oka et al., 2012). 

Furthermore, mtDNA can activate caspase-1 and can increase pro-inflammatory 

cytokine levels including interleukin-1β (IL-β) (Miura et al., 2010, Nakahira et al., 

2011). IL-β can directly bind to surface receptors on DA neurons or it can activate 

glial cells, the non-neuronal cells supporting and protecting neurons, thereby 

activating cell death pathways in DA neurons. 

 

1.0.3 Development of the dopamine neuron 

DA neurons are generated in the floor plate region of the mesencephalon during 

embryonic development (Ono et al., 2007). First, the ventral midbrain (VM) region is 

formed, which relies on signals arising from the floor plate of the midbrain and the 

isthmus organiser (Hegarty et al., 2013). Both the floor plate and the isthmus 

organiser are responsible for the regional identity of the VM, the specification and 

proliferation of VM DA neuronal precursors (NPC), DA NPC neurogenesis, and 

differentiation and survival of DA neurons (Arenas et al., 2015). 

 

The floor plate controls ventral identities and is responsible for the secretion of Sonic 

Hedgehog (SHH) (Echelard et al., 1993) and the expression of the transcription 

factors Hes1 (also expressed by the isthmus organiser) (Baek et al., 2006) and Nato3 

(Ono et al., 2010). The isthmus organiser, which is a signalling centre separating the 

midbrain from the hindbrain, secretes fibroblast growth factor 8 (FGF8) (Rhinn and 

Brand, 2001) and expresses the transcription factors Engrailed homeobox 1 and 2 
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(En1 and En2) (Davis and Joyner, 1988), LIM homeobox transcription factor 1 beta 

(Lmx1b) (Adams et al., 2000, Smidt et al., 2000), Paired box 2 and 5 (Pax2 and Pax5) 

(Urbánek et al., 1997), and Wnt1 (Wilkinson et al., 1987, Davis and Joyner, 1988, 

Crossley and Martin, 1995, Adams et al., 2000). Combined, these factors ensure the 

appropriate patterning of the VM region. 

 

Next, the identity of VM DA NPC that ultimately generate VM DA neurons is 

formed. This depends on FGF8 (Saarimäki-Vire et al., 2007, Lahti et al., 2012), SHH, 

which subsequently induces Lmx1a expression (Andersson et al., 2006) and regulates 

FoxA2 expression (Chung et al., 2009), Wnt family proteins (Wilkinson et al., 1987, 

Davis and Joyner, 1988, Parr et al., 1993, Rawal et al., 2006, Andersson et al., 2008) 

and expression of Lmx1b (Lin et al., 2009, Deng et al., 2011, Yan et al., 2011). 

 

Upon acquiring a DA phenotype, the DA NPC become gradually post-mitotic. Shortly 

after the final mitosis when DA NPC are actively migrating to their final positions, 

expression of tyrosine hydroxylase (TH), the rate-limiting enzyme for DA synthesis 

(see section 1.0.4), is induced (Specht et al., 1981a, Specht et al., 1981b, Puelles and 

Verney, 1998). Next, the differentiation and subsequent long-term survival of VM DA 

neurons is promoted by Lmx1b (Dai et al., 2008), Nuclear receptor related 1 (Nurr1) 

(Zetterström et al., 1996, Bäckman et al., 1999), Paired like homeodomain 3 (Pitx3) 

(Smidt et al., 2004), En1 and En2 (Albéri et al., 2004). This is followed by axonal 

pathfinding (Nakamura et al., 2000, Gates et al., 2004, Van den Heuvel and 

Pasterkamp, 2008) and the development of synapses (Hegarty et al., 2013), which 

mark the final step in the generation of post-mitotic VM DA neurons. 
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1.0.4 Characteristics of the dopamine neuron 

Mammalian brains contain different populations of DA neurons, namely midbrain DA 

neurons, located in the ventral mesodiencephalon, and DA neurons in the substantia 

nigra pars compacta (SNc). Midbrain DA neurons are responsible for amongst others 

regulation of emotion, maintenance of memory, and creation of associations with 

rewarding stimuli, whereas DA neurons in the SNc are involved in control of 

voluntary movement (Exner et al., 2012, Bissonette and Roesch, 2015). Loss of DA 

neurons in the SNc results in deletion of DA and derangements of neuronal circuits in 

basal ganglia target regions of these neurons, leading to impaired motor function as 

observed in PD (Exner et al, 2012). 

 

DA neurons belong to the family of catecholaminergic neurons that are involved in 

movement, mood, and attention (Bear et al., 2007). Catecholaminergic neurons 

synthesise neurotransmitters that contain a chemical structure known as a catechol that 

have the amino acid tyrosine as precursor. Tyrosine is converted by TH into L-

dihydroxyphenylalanine (L-DOPA), which is subsequently converted into DA by 

dopa decarboxylase (Molinoff and Axelrod, 1971). (Nor)adrenergic neurons are able 

to further convert DA into either norepinephrine (NE) or epinephrine, also known as 

adrenaline. DA is stored in synaptic vesicles and will be released into the synaptic 

cleft upon an action potential, where it can interact with dopaminergic receptors on 

the postsynaptic neuron. 

 

1.0.5 Dopamine neurons are more susceptible to oxidative stress 

DA neurons are more susceptible to oxidative stress, and are thus more vulnerable, 

than other neurons, but it is not known why. One hypothesis is that cytotoxic free 
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radicals are generated by oxidation of cytosolic DA and its metabolites. Oxidised DA 

can form covalent bonds with several (mitochondrial) proteins and it can make α-

synuclein, a protein found in pathological lesions in PD, more prone to aggregation 

(Van Laar et al., 2009). However, this is contradictory to results obtained with the 

drug Levodopa, which is among the most effective and safest treatments for PD. 

Levodopa, the chemical name for L-DOPA, is able to cross the blood-brain barrier 

and can boost synthesis of DA in DA neurons that are still viable, thus alleviating 

some of the symptoms associated with DA loss. Large clinical trials did not show 

enhanced disease progression, even though neuroimaging data suggest that loss of 

nigrostriatal dopamine nerve terminals might be accelerated or that the dopamine 

transporter (DAT) might be affected (Fahn, 2004). It was shown that dysfunction of 

vesicular monoamine transporter 2 (VMAT2), which is responsible for uptake of DA 

into presynaptic vesicles, can induce nigrostriatal degeneration (Caudle et al., 2007). 

 

Another hypothesis why DA neurons could be more vulnerable to oxidative stress is 

that they have higher levels of activity compared to other neurons. DA neurons in the 

SN, the main area of the brain that is affected in PD patients, have pacemaker 

properties, meaning that these neurons can generate bursts of electrical activity that 

lead to DA release in postsynaptic brain regions (Zweifel et al., 2009, Guzman et al., 

2010). Therefore, DA neurons require high amounts of ATP and produce more 

reactive oxygen species (ROS) as a result, making them more susceptible to damage. 

Furthermore, these DA neurons utilise L-type calcium channels for their pacemaking 

activity, which have a long activation span (Exner et al., 2012). Reliance on L-type 

calcium channels is increased by age and leads to continues elevated levels of calcium 
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in the cytoplasm, which might stimulate mitochondrial respiration and ROS 

production. 

 

Lastly, another source of oxidative stress could be excitotoxicity (Exner et al., 2012). 

DA neurons receive high glutamatergic input and overstimulation of their glutamate 

receptors can evoke a cascade of damaging events, including high influx of calcium 

that can affect calcium storage capacity of both mitochondria and endoplasmic 

reticulum (ER), which could be further intensified by decreased ATP production. 

Glutamate receptors are regulated by ATP and a decrease in ATP, which has been 

observed in PD, might favour their overstimulation. 

 

On their own, hypotheses described in this section cannot explain increased 

susceptibility of SN DA neurons to oxidative stress, suggesting that their increased 

vulnerability is likely a combination of events. 

 

1.0.6 Mitochondria and neurons 

As mentioned earlier, mitochondrial pathology is observed in brains of deceased PD 

patients, making mitochondria a popular topic for PD related research. Neurons 

consist of three structural domains that have their own function: the cell body (soma), 

an axon, and dendrites with many branches, and due to their unique metabolic 

requirements, mitochondria are not evenly distributed in these different domains 

(Hollenbeck and Saxton, 2005) (Figure 1.0.6). Mitochondria can be found in the 

soma, but they also travel up and down to axons and dendrites, making regulation of 

mitochondrial homeostasis more complex. Defects in transport or either fission or 

fusion of mitochondria greatly alters formation and function of the synapse, showing 
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that a delicate balance in mitochondrial dynamics is important for proper function of 

neurons (Li et al., 2004, Verstreken et al., 2005, Li et al., 2008). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.0.6. Mitochondria in a neuron. Neurons contain several hundred mitochondria that 

are not evenly distributed in different neuronal domains. Mitochondria are particularly found 

in presynaptic and postsynaptic terminals that have a high demand for ATP. In the dendritic 

processes (top), mitochondrial recruitment to the spines is associated with neuronal activation. 

In the boutons at the nerve terminal (bottom), mitochondria are important for the cycling of 

the reserve pool of synaptic vesicles (green vesicles highlighted by dashed oval) and Ca2+ 

buffering, as well as organisation and proper structure of the bouton. Figure adapted from 

(Chan, 2006). 
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Neurons are heavily reliant on ATP production, which is associated with high 

amounts of mitochondrial stress, and mitochondria are particularly located in areas 

with high demand for ATP, such as presynaptic and postsynaptic terminals, to sustain 

neuronal activity (Palay, 1956). This includes axonal transport, maintenance of ion 

gradients through ATP-dependent pumps, and synaptic neurotransmission (Celardo et 

al., 2014). Due to high levels of mitochondria in neurons, it is not surprising that about 

20 % of oxygen is consumed by the brain in a resting human, even though it only 

represents about 2 % of the body weight (Clarke and Sokoloff, 1999).  

 

ATP production in neurons depends on oxidative phosphorylation (OXPHOS) rather 

than glycolysis, generating as much as 95 % of ATP found in neurons (Erecinska et 

al., 1994). Neurons do not switch to glycolysis when OXPHOS becomes limited, a 

phenomenon observed in other cell types, since inhibition of mitochondrial respiration 

resulted in a collapse in mitochondrial membrane potential, rapid decline in ATP 

concentration, and spontaneous apoptotic cell death (Almeida et al., 2001). It was 

shown that induction of glycolysis in neurons led to decreased utilisation of glucose 

through the pentose phosphate pathway (PPP), which ultimately resulted in decreased 

regeneration levels of reduced glutathione, an important antioxidant (Herrero-Mendez 

et al., 2009). Taken into account the long life-span of neurons, subjection to high 

levels of oxidative stress, very low glutathione concentrations as well as low activity 

of γ-glutamyl cysteine synthetase, the rate-limiting step in glutathione synthesis, 

diversion of glucose towards PPP might serve as a defence mechanism against 

oxidative stress and could be of more importance to neuronal health than utilisation of 

glycolysis (Bolaños et al., 2010). 
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1.0.7 Mitophagy in neurons 

Neurons are post-mitotic non-proliferating cells that need to survive for the lifetime of 

the organism. Besides being more vulnerable to oxidative stress, neurons produce high 

levels of ROS, have high levels of iron that can trigger ROS formation, and have 

relatively low levels of antioxidants (Cui et al., 2004, Chinta and Andersen, 2008). 

Mitochondria are susceptible to damage and have a long half-life in polarised neurons, 

indicating the importance of refurbishment of the mitochondrial pool to prevent 

accumulation of oxidative damage and to maintain cell health (Menzies and Gold, 

1971, O'Toole et al., 2008). The mitochondrial quality control system and mitophagy 

are responsible for maintaining a healthy mitochondrial pool by taking care of 

amongst others proper distribution of mitochondria to synaptic terminals, function of 

synapses and dendritic spines, maintenance of ETC activity and electrical 

connectivity, protection of mtDNA integrity, and apoptosis (Amadoro et al., 2014).  

 

Mitophagy is characterised by PINK1 accumulation on damaged mitochondria from 

where it selectively recruits Parkin that subsequently ubiquitinates proteins on the 

mitochondrial outer membrane (MOM) (Figure 1.0.7). Defects in mitophagy have 

been implicated in PD. To date, mechanisms of mitophagy have been mainly studied 

in non-neuronal cell lines and it is unclear how this process is regulated in neurons. 

Research has shown that neuronal mitochondria can undergo transport, biogenesis, 

fission and fusion, and selective degradation similar to non-neuronal mitochondria 

(Vives-Bauza et al., 2010, Fischer et al., 2012, Sheng and Cai, 2012, Youle and van 

der Bliek, 2012). It was found that mitophagy carried out by the PINK1/Parkin 

pathway is present in primary neurons as well as replicating cell types (Seibler et al., 

2011, Van Humbeeck et al., 2011, Yu et al., 2011, Cai et al., 2012, Joselin et al., 2012, 
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Koyano et al., 2013, McCoy et al., 2014), however, Parkin translocation remains 

controversial since other in vitro (Van Laar et al., 2011, Rakovic et al., 2013) and 

even in vivo (Sterky et al., 2011, Yu et al., 2011, Lee et al., 2012, Vincow et al., 2013) 

studies could not detect Parkin recruitment to damaged mitochondria or actual 

mitophagy in neurons, indicating that this process still needs to be investigated 

extensively. 

 

Discrepancies in Parkin recruitment and existence of mitophagy might be explained 

by the possibility that mitophagy in neurons could be a slow and regulated process or 

that Parkin-independent mitophagy could play a role in this specific cell type. Rat 

primary cortical neurons did not show Parkin translocation to mitochondria upon a 6 

hour exposure to the mitochondrial uncoupler carbonyl cyanide m-

chlorophenylhydrazone (CCCP), however, Parkin did translocate to damaged 

mitochondria in neurons and mitophagy was observed after a prolonged CCCP 

exposure of 24 hours (Van Laar et al., 2011, Cai et al., 2012). It has also been 

suggested that mitophagy could be a more tightly controlled process in neurons than 

in other cell types (Mouton-Liger et al., 2017). Neurons are less prone to lose 

mitochondria because of their reliance on OXPHOS for their energy requirements and 

do not switch to glycolysis easily, suggesting that Parkin-mediated mitophagy could 

be a difficult process to monitor (Bolaños, 2016). 
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Figure 1.0.7. PINK1/Parkin-mediated mitophagy. PINK1/Parkin-mediated mitophagy can be 

defined in four major steps. (1) Mitophagy is activated by either mitochondrial damage or 

upstream signalling. (2) Damaged mitochondria accumulate PINK1 on their MOM, leading to 

signal amplification. (3) PINK1 selectively recruits Parkin to damaged mitochondria, which 

subsequently ubiquitinates mitochondrial proteins, including voltage-dependent anion channel 

(VDAC) and mitofusin 2 (MFN2). Note that Parkin translocation to damaged mitochondria in 

neurons is controversial and that more research on this topic is needed. (4) Ubiquitinated 

proteins are recognised by ubiquitin binding proteins (e.g. p62), resulting in envelopment of 

damaged mitochondria by isolation membranes, which is mediated by microtubule-associated 

protein 1 light chain 3B (LC3B), and delivery to autophagosomes, leading to their 

degradation. Other unidentified receptors could also be involved in recruitment of the 

isolation membrane. Figure adapted from (Grenier et al., 2013). 
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1.1 Mitochondria 

Mitochondria are double membraned organelles responsible for generation of energy 

in the form of ATP by carrying out a series of oxidative reactions (Figure 1.1.0). 

Mitochondria have different functions in a cell, ranging from ATP production and 

generation of intermediate metabolites to controlling intercellular calcium levels and 

programmed cell death. Energy demands of the cell are met by structural changes of 

mitochondria, but cell bioenergetics can directly influence mitochondrial structure as 

well. Use of toxins that inhibit mitochondrial respiration cause cell death, thereby 

illustrating the importance of mitochondrial ATP (Berg et al., 2002). 

 

Mitochondria have their own genome and are thought to be derived from ancient 

bacteria forming a symbiotic relationship with early prokaryotic cells some 1.45 

billion years ago (Margulis, 1970, Margulis, 1981, Emelyanov, 2001). Indeed, 

mitochondria bear resemblance to their bacteria-like ancestors and display similar 

characteristics such as a double membrane, circular plasmid DNA and the ability to 

synthesise ATP across its membranes (Ernster and Schatz, 1981). This does, however, 

give rise to an extra challenge for dividing cells since mitochondria need to be 

segregated effectively. Efficient segregation is achieved through mitochondrial 

remodelling where mitochondria can divide and fuse with each other within the cell, 

which is known as mitochondrial dynamics. There is a constant cycle of fission, in 

which a singular mitochondrion divides into two mitochondria, and fusion, where a 

singular mitochondrion is formed by joining two mitochondria. Mitochondrial 

dynamics are of high importance for cells and defects in this mechanism are 

implicated in decreased cell health. 
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Figure 1.1.0. Mitochondrial structure and function. Mitochondria consist of a mitochondrial 

outer membrane (MOM), a mitochondrial inner membrane (MIM), the mitochondrial matrix, 

and cristae. The main functions of mitochondria are β-oxidation of fatty acids and oxidation 

of acetyl coenzyme A (acetyl-CoA) by the tricarboxylic acid (TCA) cycle (in red) and 

generation of ATP through the electron transport chain (ETC), which uses coenzymes 

generated by β-oxidation and TCA cycle as substrates (in green). Electrons that leak from the 

ETC cause the formation of reactive oxygen species (ROS) by reacting with O2 (in brown). 

Other main functions of mitochondria include the regulation of apoptosis by release of 

caspase activators stored in the intermitochondrial membrane space upon pro-apoptotic 

signalling, leading to opening of the mitochondrial permeability transition pore (mPTP) (in 

blue), and exchange of Ca2+ with the cytosol via the mitochondrial calcium uniporter (MCU) 

and Na+Ca2+ exchanger (NaCAE), and with the endoplasmic reticulum (ER) via the mPTP (in 

violet). ANT = adenine nucleotide translocase, IP3R = inositol triphosphate receptor, MAM = 

mitochondria-associated membrane, mtΔΨm = proton gradient, SERCA = sarco/endoplasmic 

reticulum calcium ATPase, VDAC = voltage-dependent anion channel. Figure adapted from 

(Brault et al., 2013). 
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1.1.1 Mitochondrial bioenergetics 

Energy in cells is usually utilised in the form of ATP, providing free energy required 

for most cellular processes when hydrolysed. ATP is generated by either glycolysis or 

OXPHOS in mammalian cells, yielding a net amount of two or thirty-six molecules of 

ATP respectively, with OXPHOS being responsible for production of 80-90 % of 

ATP in healthy non-proliferative tissue (Lodish et al., 2000). Reduced electron 

carriers such as nicotinamide adenine dinucleotide (NADH) and reduced flavin 

adenine dinucleotide (FADH2) feed electrons into ETC complexes, which is necessary 

for production of ATP, and several pathways have been implicated in their generation; 

fatty acid β-oxidation, amino acid oxidation, tricarboxylic acid cycle (TCA cycle, also 

known as Krebs cycle) and ETC complexes (Lodish et al., 2000, Nelson et al., 2008).  

 

In short, four complexes (CI-IV) located on the mitochondrial inner membrane (MIM) 

make up the ETC (Figure 1.1.1). A proton (H+) gradient is created between the MIM 

and the intermembrane space (IMS) by free energy provided by electrons from NADH 

and FADH2. H+ is pumped from the mitochondrial matrix into the IMS by the 

membrane spanning complexes of the ETC, namely CI, CIII, and CIV. A gradient 

across the membrane is created by pumping H+ against the concentration gradient, 

thereby effectively storing energy in the form of a transmembrane electrochemical 

gradient known as proton motive force (PMF). This results in a high concentration of 

protons forced into the IMS that travel back into the matrix containing a low proton 

gradient by another transmembrane complex known as ATP synthase (also referred to 

as CV), which is coupled to, but not part of, the ETC (Scheffler, 2007). Rotation of 

ATP synthase happens by energy generated by PMF and is used to form ATP by 

combining adenosine diphosphate (ADP) with inorganic phosphate (Pi). The adenine 
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nucleotide translocase (ANT) exchanges ATP for ADP and translocates the newly 

formed ATP to the cytosol. 

 

 

 

 

 

 

 

 

 

 

Figure 1.1.1. Oxidative phosphorylation. NADH and FADH2 are used to create an 

electrochemical gradient by pumping H+ across the MIM via ETC complexes. Protons can 

travel back into the matrix through ATP synthase, thereby utilising the potential energy to 

generate ATP, which is translocated to the cytosol by ANT. Figure adapted from (Beck, 

2008). 

 

1.1.2 Mitochondrial dynamics 

First thought to be static singular and isolated organelles in the cytoplasm, recent 

technological advances showed that mitochondria are actually arranged as a highly 

dynamic and interconnected tubular network within eukaryotic cells (Chen and Chan, 

2009). Size, shape, structural organisation, and movement of mitochondria along the 

cytoskeleton is regulated by frequent fission and fusion events, which is a highly 

regulated process of critical importance to mitochondrial function. Maintenance of 

mitochondrial morphology, sharing and stability of mtDNA, respiratory capacity 

control, response to cellular stresses, and apoptosis are all processes regulated by 
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mitochondrial dynamics (Lee et al., 2004, Frezza et al., 2006, Detmer and Chan, 

2007b). 

 

Mitochondrial fission is necessary for cell division, since de novo mitochondria 

cannot be generated, as well as transport of mitochondria from the neuronal cell body 

to the synapse, and is facilitated by dynamin-related protein 1 (Drp1) (Scott and 

Logan, 2011). The exact mechanism by which Drp1 acts is currently unknown, but 

Drp1 is recruited from the cytosol to mitochondria and binds to an unidentified MOM 

receptor that likely results in constriction following oligomerisation, leading to 

scission of mitochondrial tubules (Chan, 2012) (Figure 1.1.2). 

 

Mitochondrial fusion is important for promotion of exchange of mtDNA and other 

vital components and is carried out by mitofusin (MFN) 1 and 2 on separate adjacent 

mitochondria that fuse the MOM by forming homo-oligomeric and hetero-oligomeric 

complexes with themselves, bringing the outer membranes together. This tethers 

mitochondria, leading to fusion of the inner membrane regulated by optic atrophy 1 

(OPA1) (Koshiba et al., 2004, Detmer and Chan, 2007a). Mutations in OPA1 can lead 

to the development of optic atrophy that is caused by loss of retinal ganglion cells 

located in the inner retina and which project their axons via the optic nerve to the 

brain (Alavi and Fuhrmann, 2013). This leads to a slow progressive loss of bilateral 

visual function with an onset typically within the first two decades of life. 
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Figure 1.1.2. Mitochondrial dynamics. Mitochondrial fission is induced by recruitment of 

Drp1 to mitochondria, leading to scission of mitochondrial tubules. Mitochondrial fusion is a 

two-step process that requires outer membrane fusion facilitated by MFN, followed by inner 

membrane fusion promoted by OPA1. Figure adapted from (Osellame et al., 2012). 

 

1.1.3 Mitochondrial dynamics and mitophagy 

To carry out mitophagy, cells rely on mitochondrial dynamics to remodel their 

mitochondrial network. In order to maintain overall health of the mitochondrial 

network, mitochondrial parts suffering from unrecoverable damage are segregated 

from healthy mitochondria by fission, resulting in generation of two daughter 

mitochondria (Ikeda et al., 2015). The daughter mitochondrion with a normal 

membrane potential can fuse with other mitochondria, whereas the daughter 

mitochondrion with decreased membrane potential cannot, and this ultimately leads to 

its selective removal by mitophagy (Twig et al., 2008). 

 



20 
 

Research has shown that PINK1 and Parkin play a role in mitochondrial dynamics as 

well. The involvement of both PINK1 and Parkin in fission and fusion could serve as 

a mechanism to ensure successful fission of damaged mitochondria and prevention of 

fusion of damaged mitochondria with healthy mitochondria. Knockdown of PINK1 in 

neurons led to elongated mitochondria, suggesting it is involved in fission (Yu et al., 

2011). PINK1 was found to displace protein kinase A (PKA), which normally 

phospho-inhibits Drp1, from the MOM, thereby ensuring fission of damaged 

mitochondria (Pryde et al., 2016). On the contrary, studies carried out in cell lines 

such as SH-SY5Y (Dagda et al., 2009, Lutz et al., 2009) and HeLa (Exner et al., 

2007a) showed that mitochondria fragment upon PINK1 knockdown. However, it was 

proposed that this could be the result of excessive fission since an increase in fission 

proteins and decrease in fusion proteins was reported (Cui et al., 2010). Parkin, on the 

other hand, is responsible for inhibition of fusion by ubiquitination and subsequent 

proteasomal degradation of MFN1 and MFN2 (Gegg et al., 2010, Tanaka et al., 2010, 

Chen and Dorn, 2013, Sarraf et al., 2013).  

 

1.2 Autophagy and its involvement in mitophagy 

1.2.1 Classical control of autophagy 

Autophagy, carried out by autophagy-related (ATG) proteins, mediates degradation of 

cytoplasmic components to recycle metabolites and can be activated by cellular 

stressors such as nutrient and energy starvation, damaged organelles, protein 

aggregates, and invading pathogens. Macroautophagy is the most prevalent form of 

autophagy and during this process, which is either selective or nonselective, a part of 

the cytoplasm is sequestered by the phagophore (isolation membrane), resulting in 

formation of a double-membraned vesicle called autophagosome in which 
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dysfunctional organelles and cytoplasm are sequestered (Figure 1.2.1.1). The 

autophagosome eventually fuses with a lysosome, becoming an autophagolysosome. 

The cargo of the autophagolysosome is degraded and released into the cytoplasm for 

reuse. Damaged or superfluous organelles, as well as other protein aggregates that 

could otherwise be toxic, are removed via selective autophagy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2.1.1. Overview of autophagy. Cellular stresses induce autophagy, which can be 

divided into several steps; formation of an isolation membrane (phagophore) around 

cytoplasmic material that needs to be sequestered (nucleation), elongation of the isolation 

membrane to form a double-membraned autophagosome (elongation), completion and 

transport of an autophagosome to a lysosome (maturation), docking and fusion between an 

autophagosome and a lysosome to form an autophagolysosome (fusion), and degradation of 

the cargo of an autophagolysosome (degradation). Figure adapted from (Nakamura and 

Yoshimori, 2017). 
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Contents needing to be degraded are ubiquitinated and recognised by sequestosome 1 

(SQSTM1/p62, will be called p62 in remainder of thesis), which is an ubiquitin 

binding protein triggering degradation of proteins through either the proteasome or 

lysosome (Vadlamudi et al., 1996). p62 mediates clumping of ubiquitinated proteins 

and can bring aggregates to the autophagosome by direct binding to microtubule-

associated protein 1 light chain 3B (LC3B) that is incorporated in the autophagosomal 

membrane, thereby being degraded itself as well (Pankiv et al., 2007). 

 

The main nutrient-sensitive proteins involved in the autophagy pathway in mammals 

are glucose/energy sensing AMP-activated protein kinase (AMPK) and 

nutrient/growth factor sensing mechanistic target of rapamycin complex 1 (mTORC1) 

(Kim et al., 2011). Autophagy is promoted by activation of UNC-51-like kinase 1 

(ULK1) that is inhibited by mTORC1 by means of phosphorylation under nutrient-

rich conditions (Figure 1.2.1.2). In response to starvation, mTORC1 dissociates from 

the ULK1 complex (consisting of ULK1, ULK2, FIP200, ATG13, and ATG101), 

leading to dephosphorylation of ULK1 and trans-phosphorylation of ATG13 and 

FIP200, resulting in activation of the ULK1 complex (Hara et al., 2008, Ganley et al., 

2009, Hosokawa et al., 2009a, Hosokawa et al., 2009b, Jung et al., 2009, Mercer et al., 

2009). In addition, ULK1 can be activated by AMPK as well, either by direct 

phosphorylation of ULK1 (Bach et al., 2011, Kim et al., 2011) or by relieving 

mTORC1-mediated autophagy repression (AMPK is a negative regulator of 

mTORC1) (Inoki et al., 2003, Gwinn et al., 2008).  
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Figure 1.2.1.2. Autophagy induction. Autophagy is induced by either mTORC1 inhibition or 

AMPK activation, which results in ULK1 phosphorylation and subsequent activation of the 

ULK1 complex, consisting of ULK1, FIP200, ATG13, and ATG101. ULK1 phosphorylates 

Beclin1, which is a component of the phosphatidylinositol 3-kinase catalytic subunit type 3 

(PIK3C3, described as CIII PI3K in Figure) complex together with hVps15, UVRAG, and 

ATG14L. This complex is normally tethered to the cytoskeleton, but localises to the 

phagophore upon ULK1-mediated phosphorylation of AMBRA1. Phosphatidylinositol 3-

phosphate (PtdIns(3)P) is generated by the PIK3C3 complex and it specifically binds the 

PtdIns(3)P effectors WD repeat domain phosphoinositide-interacting protein 1 (WIPI1) and 

WIPI2 to catalyse the ubiquitination-like reactions that regulate elongation of the isolation 

membrane. Figure adapted from (Nixon, 2013). 
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Following ULK1 activation, ULK1 phosphorylates in turn Beclin1, which together 

with phosphoinositide-3-kinase, regulatory subunit 4 (PIK3R4, also known as 

hVps15), UV radiation resistance-associated gene (UVRAG), and ATG14L, is part of 

the phosphatidylinositol 3-kinase catalytic subunit type 3 (PIK3C3, also known as 

Vps34) complex (Kim et al., 2013, Russell et al., 2013, Russell et al., 2014). This 

complex is normally tethered to the cytoskeleton, but localises to the phagophore upon 

phosphorylation of autophagy/Beclin1 regulator 1 (AMBRA1) through ULK1 (Di 

Bartolomeo et al., 2010, Itakura and Mizushima, 2010, Matsunaga et al., 2010, Fan et 

al., 2011). Activation (Kim et al., 2013, Russell et al., 2013), regulation (Pattingre et 

al., 2005, Wei et al., 2008, Zalckvar et al., 2009), and correct localisation (Di 

Bartolomeo et al., 2010, Itakura and Mizushima, 2010, Fan et al., 2011) of the 

PIK3C3 complex is necessary for expansion of the membrane by generating 

phosphatidylinositol 3-phosphate (PtdIns(3)P) by phosphorylation of 

phosphatidylinositol (PtdIns) at the phagophore. 

 

Another complex that is recruited to the phagophore is the ubiquitin-like (Ubl) 

conjugation system ATG5-ATG12-ATG16L, formed by ATG7 and ATG10, which is 

required for both elongation and targeting of LC3B to the isolation membrane 

(Mizushima, 1998, Mizushima et al., 2001, Tanida et al., 2001, Mizushima et al., 

2002, Mizushima, 2003, Fujita et al., 2008b) (Figure 1.2.1.3). LC3B is processed by 

ATG4 into LC3B-I that is further transformed by ATG7 and ATG3 before finally 

being conjugated to phosphatidylethanolamine (PE) to form membrane-bound LC3B-

II, which is considered to be important for biogenesis and closure of the isolation 

membrane (Kabeya et al., 2000, Tanida et al., 2001, Tanida et al., 2002, Kabeya et al., 

2004, Tanida et al., 2006, Fujita et al., 2008a). LC3B-II localised to the outer 
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membrane of the complete autophagosome can be recycled via re-cleavage by 

ATG4B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2.1.3. Autophagosome formation. Targeting of LC3B to the isolation membrane is 

mediated by the ATG5-ATG12-ATG16L ubiquitin-like conjugation system, which is formed 

in the presence of ATG7 and ATG10. Pro-LC3B is processed by ATG4 into LC3B-I that is 

subsequently processed by ATG3 and ATG7. The ATG5-ATG12-ATG16L complex induces 

the covalent conjugation of phosphatidylethanolamine (PE) to LC3B, forming LC3B-II, 

which facilitates closure of the isolation membrane. LC3B-II localised to the outer surface of 

an autophagosome can be removed by ATG4B, whereas LC3B on the inner surface is 

eventually degraded upon fusion between an autophagosome and a lysosome. Figure adapted 

from (Nixon, 2013). 
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1.2.2 Link between ULK1 and mitophagy 

Mitophagy is thought to be a specialised type of autophagy and proteins involved in 

autophagy were found to play a role in mitophagy as well. Mitochondria are 

selectively cleared during reticulocyte maturation and defects were seen in this 

mitochondrial clearance in ULK1-knockout mice (Kundu et al., 2008). Moreover, 

ULK1-deficient mouse embryonic fibroblasts (MEF) had disruptions in mitochondrial 

clearance too, showing that involvement of ULK1, which is an important initiator of 

autophagy, in mitochondrial clearance is not restricted to reticulocytes. Treatment of 

MEF with the mitochondrial uncoupler carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone (FCCP) caused translocation of ULK1 to 

depolarised mitochondria, giving rise to ULK1 puncta that only emerged at 

mitochondria for a short period of time, suggesting ULK1 might merely function at 

the early stage of mitophagy (Itakura et al., 2012). 

 

Not only ULK1, but also proteins of the ULK1 complex or ULK1 stabilisers are 

required for mitophagy. Inhibition or knockdown of a complex stabilising and 

activating ULK1, consisting of heat shock protein (Hsp) 90 that is likely involved in 

mitochondrial homeostasis and co-chaperone Cdc37, resulted in defective clearance of 

damaged mitochondria upon CCCP treatment (Joo et al., 2011). Loss of another 

protein important for stabilising ULK1, namely p32, a critical regulator of 

mitochondrial bioenergetics, led to impaired clearance of depolarised mitochondria 

(Fogal et al., 2010, Jiao et al., 2015). Lastly, either loss of AMPK, an upstream 

activator of ULK1, or inability of AMPK to phosphorylate ULK1, gave rise to 

abnormal p62 accumulation and defective mitophagy during nutrient deprivation 

(Egan et al., 2011). 
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1.2.3 Link between LC3B and mitophagy 

Binding of ubiquitinated substrates on damaged mitochondria to LC3B incorporated 

in autophagosomal membranes could facilitate selective removal of these damaged 

mitochondria. During nutrient deprivation, it was demonstrated that an isolation 

membrane containing LC3B arised near mitochondria that grew to envelop and 

sequester parts of mitochondria or even whole mitochondria into autophagosomes, 

leading to degradation of mitochondrial contents (Kim and Lemasters, 2011a). In 

addition, endogenous LC3B was shown to be recruited to mitochondria during 

mitophagy, leading to LC3B decoration of mitochondria and their delivery to 

lysosomes (Stolz et al., 2017). Cells without ATG3, which is involved in conjugation 

of cytosolic LC3B-I to PE to form membrane bound LC3B-II associated with 

isolation membranes, still generated autophagosome-like structures close to 

mitochondria, but failed to enclose these neighbouring mitochondria, suggesting 

LC3B plays an essential role in incorporation of damaged mitochondria into 

autophagosomes (Itakura et al., 2012). 

 

Moreover, different autophagy receptors involved in mitophagy have all been found to 

bind to LC3B directly. FUN14 domain containing 1 (FUNDC1) (Wu et al., 2014), 

Bcl-2/adenovirus E1B 19-kDa interacting protein 3 (BNIP3) (Hanna et al., 2012), its 

homologue NIP3-like protein X (NIX; also known as BNIP3L) (Novak et al., 2010), 

AMBRA1 (Novak et al., 2010, Hanna et al., 2012, Strappazzon et al., 2014), 

prohibitin 2 (PHB2) (Wei et al., 2017), and FK506 binding protein 8 (FKBP8) 

(Bhujabal et al., 2017) all contain a LC3B interacting region (LIR) motif and 

enhanced LC3B recruitment and binding to damaged mitochondria during mitophagy. 
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A LIR motif is a short linear motif with the core consensus sequence W/F/Y-x-x-

L/I/V that is surrounded by at least one acidic residue and that is found in all 

characterised LIR motifs to date (Johansen and Lamark, 2011). The conserved 

hydrophobic residues of the core LIR motif dock into hydrophobic pockets in the Ubl 

domain, while electrostatic interactions with the N-terminal arm of LC3B are formed 

by adjacent acidic residues. This leads to the formation of an extended β-conformation 

of the core LIR motif that forms an intermolecular parallel β-sheet with the β2 strand 

of LC3B, allowing the LIR motif to interact with LC3B (Noda et al., 2010). 

 

1.2.4 Link between p62 and mitophagy 

The autophagy adaptor protein p62 mediates clumping of ubiquitinated proteins and 

recruitment of autophagosomes to ubiquitinated aggregates by binding to LC3B 

(Pankiv et al., 2007). Involvement of LC3B in mitophagy suggests p62 could play a 

part in it too. This hypothesis is supported by the finding that polyubiquitin chains on 

MOM proteins induced by Parkin are K63-linked (see section 1.3.8), which triggers 

autophagy by recruitment of p62 (Ding et al., 2010, Geisler et al., 2010, Lee et al., 

2010). Nevertheless, requirement of p62 for successful mitophagy remains 

controversial and more research on this topic is needed. 

 

Mitophagy was not affected or altered in p62-knockout cells, suggesting p62 is 

dispensable for mitophagy (Narendra et al., 2010b, Okatsu et al., 2010), whereas 

another study showed that loss of p62 led to disruptions in mitochondrial aggregation, 

sensitising cells to apoptosis upon mitochondrial depolarisation (Xiao et al., 2017). 

p62 was found to mediate mitochondrial aggregation and its recruitment to CCCP 

damaged mitochondria was promoted by Parkin (Ding et al., 2010, Geisler et al., 
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2010, Lee et al., 2010, Narendra et al., 2010b, Okatsu et al., 2010). It was also shown 

that phosphorylation of p62 at Ser403 is vital for efficient autophagosomal engulfment 

of polyubiquitinated mitochondria since lack of Ser403 phosphorylation led to 

mitochondria not being enclosed by autophagosomes despite p62’s ability to still 

interact with mitochondria (Matsumoto et al., 2015). 

 

Taking the above into consideration, more studies have been published describing a 

role for p62 in mitophagy than studies that did not, suggesting p62 could indeed be 

necessary for effective mitophagy. 

 

1.3 Mitophagy 

1.3.1 Importance of mitophagy for cell viability and survival 

Maintaining a healthy population of mitochondria is of key importance for a cell and 

defective mitophagy could have disastrous effects. Aged, damaged, and depolarised 

mitochondria release pro-apoptotic proteins, generate ROS, and their ATP hydrolysis 

can become ineffective, thereby opposing a threat to cellular well-being. Mitochondria 

are both a major source, as well as target, of ROS that are able to induce nuclear and 

mtDNA damage, to promote apoptosis, to induce immune responses, to damage 

membranes, and to deactivate enzymes by oxidation of cofactors (Turrens, 2003). 

Interestingly, ROS can have a negative impact on mitophagy too since they can affect 

Parkin solubility, leading to Parkin inactivation and aggregation (Wong et al., 2007). 

Cells can tackle harmful effects caused by ROS via ROS neutralisation through 

antioxidant systems under normal conditions, however, damaged mitochondria 

produce more ROS that exceed the capacity of the antioxidant system, which 

ultimately results in cell death. 
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1.3.2 Molecular sub-types of mitophagy 

Three types of mitophagy have been described that have different modes of action 

(Lemasters, 2014). Type 1 mitophagy is likely carried out by receptors such as BNIP3 

and NIX and is induced by nutrient deprivation. Individual mitochondria are 

sequestered by isolation membranes that grow into phagophores and eventually 

mature into autophagosomes, resulting in degradation by lysosomes (Kim and 

Lemasters, 2011a) (Figure 1.3.2). This type of mitophagy is often preceded by 

mitochondrial fission and mitochondrial depolarisation does not take place until 

sequestration is complete (Kim and Lemasters, 2011a, Lemasters, 2014). 

 

Mitophagy type 2 is characterised by depolarisation of mitochondria, which leads to 

accumulation of PINK1 on the MOM and PINK1-dependent recruitment of Parkin 

(Narendra et al., 2010b). Parkin is responsible for ubiquitination of MOM proteins, 

marking them for autophagic engulfment (Narendra et al., 2008). LC3B binds to 

depolarised mitochondria, discontinuously at first, with a continuous ring formed over 

time (Kim and Lemasters, 2011b). Labelling by LC3B only occurs when mitochondria 

are depolarised for a substantial amount of time since mitochondria that subsequently 

repolarise did not display LC3B-labelling. Mitochondrial fission likely takes place, 

even though conflicting results have been published (Twig et al., 2008, Kim and 

Lemasters, 2011b). Lastly, it has been suggested that this type of mitophagy is likely 

carried out by autophagy adaptors, such as p62, which bind to ubiquitinated proteins 

instead of initiation by autophagy receptors. 
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Figure 1.3.2. Molecular sub-types of mitophagy. Three types of mitophagy with different 

modes of action have been identified. Nutrient-deprivation activates type 1 mitophagy that is 

characterised by the formation of an isolation membrane close to an individual 

mitochondrion. These isolation membranes grow into phagophores and eventually mature into 

auto(mito)phagosomes that fuse with lysosomes. Mitochondrial depolarisation takes place in 

type 2 mitophagy, which leads to PINK1 accumulation on the MOM and PINK1-dependent 

recruitment of Parkin. LC3B binds to depolarised mitochondria, discontinuously at first, with 

a continuous ring formed over time. In type 3 mitophagy, which is driven by oxidative stress 

and that depends on PINK1 and Parkin, mitochondria-derived vesicles (MDV) bud off from 

mitochondria and fuse with multivesicular bodies, resulting in lysosomal degradation. Red 

denotes mitochondrial polarisation. Figure adapted from (Lemasters, 2014). 
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Damaged mitochondrial components can also be removed and degraded by formation 

of mitochondria-derived vesicles (MDV) that bud off and fuse with multivesicular 

bodies (a specialised subset of endosomes), which ultimately leads to lysosomal 

degradation (Soubannier et al., 2012a, Soubannier et al., 2012b). This type of 

micromitophagy is described as type 3 mitophagy and does not require mitochondrial 

depolarisation. MDV formation is driven by oxidative stress and occurs independently 

of ATG5 and LC3B, but does depend upon PINK1 and Parkin as well. 

 

1.3.3 Hypoxia induced mitophagy 

Upon hypoxia, mitochondria can be selectively removed by an ubiquitin (Ub)-

independent mechanism mediated by mitochondrial receptors, namely BNIP3 and its 

homologue NIX, and FUNDC1 (Novak et al., 2010, Hanna et al., 2012). Both BNIP3 

and NIX bind to LC3B, which is involved in phagophore membrane elongation, and 

gamma-aminobutyric acid receptor-associated protein (GABARAP) that is involved 

in later stages of autophagosome maturation (Weidberg et al., 2010), through their 

conserved LIR motifs (Novak et al., 2010, Hanna et al., 2012) (Figure 1.3.3.1). Loss 

of both BNIP3 and NIX inhibited hypoxia-induced mitophagy, whereas disruptions in 

interactions between BNIP3 and LC3B or NIX and LC3B did not completely block it, 

indicating that BNIP3 and NIX complement each other (Bellot et al., 2009, Novak et 

al., 2010, Hanna et al., 2012). 
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Figure 1.3.3.1. BNIP3/NIX-mediated mitophagy upon hypoxia. Upon hypoxia, BNIP3 and 

NIX on the MOM of damaged mitochondria can bind LC3B through their conserved LIR 

motifs, leading to phagophore formation and ultimately resulting in mitochondrial degradation 

through fusion between the formed autophagosome and a lysosome. Figure adapted from 

(Maejima et al., 2015). 

 

The other identified mitochondrial receptor FUNDC1 is dephosphorylated upon 

hypoxia, allowing recruitment of ULK1 and ULK1-mediated phosphorylation of 

FUNDC1, which enhances FUNDC1’s binding to LC3B (Liu et al., 2012, Wu et al., 

2014) (Figure 1.3.3.2). FUNDC1 was also found to interact with both Drp1 and OPA1 

to coordinate mitochondrial fission and fusion during mitophagy (Chen et al., 2016). 
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Figure 1.3.3.2. FUNDC1-mediated mitophagy upon hypoxia. The mitochondrial receptor 

FUNDC1 is normally phosphorylated, but dephosphorylates upon hypoxia, allowing ULK1 

recruitment and ULK1-mediated phosphorylation of FUNDC1, which enhances the binding 

between FUNDC1 and LC3B. This leads to phagophore formation and ultimately results in 

mitochondrial degradation through fusion between the formed autophagosome and a 

lysosome. Figure adapted from (Okamoto, 2014). 

 

1.3.4 Mitophagy induced by autophagy receptors 

Not surprisingly, receptors important for efficient autophagy have been implicated in 

mitophagy too. AMBRA1, which is involved in targeting of the PIK3C3 complex to 

the phagophore, is activated upon mitophagy induction, leading to its binding to 

Beclin1 to initiate phagophore formation at a mitochondrion (Strappazzon et al., 2014) 

(Figure 1.3.4). AMBRA1 can bind LC3B through a LIR motif and does not require 

p62, suggesting AMBRA1 might act as an adapter by guiding damaged mitochondria 

to autophagosomes to facilitate mitochondrial clearance. AMBRA1 was also shown to 

interact with Parkin to promote mitochondrial clearance, suggesting two different 

mechanisms could exist that complement each other to allow efficient mitophagy 

(Van Humbeeck et al., 2011). Parkin, on one hand, ubiquitinates MOM proteins that 

can be recognised by p62, meaning that only pre-existing phagophores can be 

recruited to mitochondria since LC3B only associates with phagophores after they 

have started to form (Tooze and Yoshimori, 2010). AMBRA1, on the other hand, can 
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bind LC3B directly and does not require p62, therefore being able to induce 

phagophores at mitochondria directly by locally stimulating the activity of the 

PIK3C3 complex, which is essential for formation of new phagophores (Tooze and 

Yoshimori, 2010, Strappazzon et al., 2014). 

 

 

 

 

 

 

 

 

 

 

Figure 1.3.4. AMBRA1 in PINK/Parkin-mediated mitophagy. Mitochondrial depolarisation 

leads to PINK1 accumulation, which selectively recruits Parkin, leading to ubiquitination of 

MOM proteins and p62 recruitment to allow binding to pre-existing phagophores. AMBRA1 

facilitates PINK1/Parkin-mediated mitophagy by interaction with Parkin to promote 

mitochondrial clearance. Activated AMBRA1 binds to Beclin1 and it can directly bind LC3B 

too through its LIR motif to stimulate phagophore formation by locally stimulating PIK3C3 

complex activity. Note that AMBRA1 can also facilitate mitochondrial clearance independent 

of Parkin (not shown in figure). Figure adapted from (Cianfanelli et al., 2015). 

 

The function of other autophagy receptors concerning mitophagy have not been 

extensively studied yet. Bcl-2-like protein 13 (Bcl2-L-13), the mammalian homologue 

of ATG32, the first described mitophagy receptor in yeast (Murakawa et al., 2015), 

PHB2 (Wei et al., 2017), and FKBP8 (Bhujabal et al., 2017) were all found to bind 

LC3B, whereas optineurin (OPTN) (Wong and Holzbaur, 2014, Wong and Holzbaur, 
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2015) and tax1-binding protein 1 (TAX1BP1) (Lazarou et al., 2015) merely recruited 

LC3B upon mitochondrial damage. OPTN and NPD52 (also known as calcium 

binding and coiled-coil domain 2 (CALCOCO2)) were identified as primary receptors 

for PINK1/Parkin-mediated mitophagy and were shown to be recruited to 

mitochondria by phosphorylated Ub that was mediated by PINK1 and enhanced by 

Parkin (Wong and Holzbaur, 2014, Lazarou et al., 2015, Wong and Holzbaur, 2015). 

 

1.3.5 PINK1/Parkin-mediated mitophagy 

PINK1/Parkin-mediated mitophagy is the most well-known type of mitophagy since 

PINK1 and PARK2 mutations are linked to PD. Damaged mitochondria are sensed by 

the serine/threonine kinase PINK1 that is imported into all mitochondria and then 

rapidly degraded and maintained at very low levels, while Parkin marks damaged 

mitochondria for autophagic engulfment by ubiquitination of specific mitochondrial 

proteins (Figure 1.3.5, left panel). The N-terminus of PINK1 contains a mitochondrial 

targeting signal (MTS), leading to its import through translocase of the outer 

mitochondrial membrane (TOM) complex on the MOM, consisting of TOM20, 

TOM22, TOM40, TOM70, as well as several other small Tom proteins (Valente et al., 

2004, Neupert and Herrmann, 2007, Schmidt et al., 2010, Becker et al., 2012). 

Cleavage of the MTS by mitochondrial processing peptidase (MPP) takes place after 

full-length PINK1 (63 kDa) has been imported through the translocase of the inner 

mitochondrial membrane (TIM) complex, generating a PINK1 protein of ~60 kDa that 

is further cleaved in its conserved membrane anchor by presenilin associated 

rhomboid-like protease (PARL), generating a 52-kDa form of PINK1 that can exit 

mitochondria (Jin et al., 2010, Meissner et al., 2011). This 52-kDa form of PINK1 

binds to cytosolic Parkin, thereby repressing its translocation to mitochondria (thus 
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inhibiting mitophagy) before it is recognized by ubiquitin protein ligase E3 

component n-recognin (UBR) 1, UBR2, and UBR4, leading to its degradation by the 

proteasome (Yamano and Youle, 2013, Fedorowicz et al., 2014). However, a small 

subset of cleaved PINK1 was reported to be degraded by autophagy as well, which 

was likely mediated by UBR4 since UBR4 is involved in autophagy too (Tasaki et al., 

2013, Kawajiri et al., 2010). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3.5. Involvement of PINK1 and Parkin during mitochondrial depolarisation. PINK1 

is imported into the MIM in healthy mitochondria through the TOM and TIM complexes, 

where its MTS is cleaved by PARL, resulting in rapid degradation of PINK1 by the 

proteasome (left panel). Upon depolarisation, TIM-mediated import of PINK1 is impaired and 

PINK1 accumulates on the MOM, leading to selective recruitment of Parkin and 

ubiquitination of Parkin-targets on the MOM. Ubiquitinated proteins can recruit autophagy 

adaptors such as p62, HDAC6, or p97, which will recruit and tether the phagophore 

membrane, leading to induction of mitophagy. Figure adapted from (Von Stockum et al., 

2015). 
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Degradation of PINK1 is inhibited upon loss of membrane potential. Mimicking 

mitochondrial damage with uncouplers, such as CCCP or FCCP that mainly affect 

membrane potential and transmembrane pH gradient, leads to PINK1 accumulation on 

the MOM (Jin et al., 2010, Narendra et al., 2010b) (Figure 1.3.5, right panel). PINK1 

is still imported through the TOM complex, but cannot be processed by either MPP or 

PARL anymore, resulting in PINK1 accumulation on the MOM with its kinase 

domain facing the cytosol (Jin et al., 2010, Narendra et al., 2010b, Meissner et al., 

2011). The PINK1 complex formed following a decrease in membrane potential 

consists of two PINK1 molecules and is correlated with intermolecular 

phosphorylation of PINK1 on Thr257 (Kondapalli et al., 2012, Okatsu et al., 2013). 

Other mitochondrial poisons that do not affect the MIM, such as ATP synthase and 

ETC inhibitors, do not lead to activation of PINK1 and concomitant phosphorylation 

of Parkin at Ser65 by PINK1, which is an important step in the activation of 

mitophagy (Kondapalli et al., 2012). 

 

1.3.6 PINK1 interacts with Parkin 

Following PINK1 accumulation on the MOM upon mitochondrial depolarisation, 

PINK1 selectively recruits Parkin to mitochondria. Processing, proper localisation, 

and autophosphorylation of PINK1 are required for activation of Parkin, which can 

take place via different mechanisms (Shi et al., 2011, Greene et al., 2012, Okatsu et 

al., 2012). Firstly, PINK1 can directly phosphorylate Parkin in its really interesting 

new gene (RING) finger domain at either Ser65 (Kim et al., 2008, Kondapalli et al., 

2012, Shiba-Fukushima et al., 2012, Iguchi et al., 2013) or Thr175 and Thr217 (Kim 

et al., 2008), although some studies could not confirm these findings (Narendra et al., 

2010b, Vives-Bauza et al., 2010, Lazarou et al., 2012). Secondly, PINK1 was reported 
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to locally induce self-association of Parkin, which is likely essential for its activation 

(Lazarou et al., 2012, Lazarou et al., 2013). Thirdly, PINK1 can directly 

phosphorylate Ub at Ser65, which in turn activates Parkin (Kazlauskaite et al., 2014). 

Parkin activation was only completely abrogated when both Parkin and Ub were 

mutated at Ser65, indicating that optimal activation of Parkin depends on 

phosphorylation of both proteins. 

 

1.3.7 Parkin ubiquitinates proteins on the mitochondrial outer membrane 

Upon translocation to mitochondria and activation by PINK1, Parkin mainly 

ubiquitinates MOM proteins to cause their degradation (Sarraf et al., 2013). Proteins 

that have been found to be ubiquitinated by Parkin include MFN1 and MFN2 (Gegg et 

al., 2010, Tanaka et al., 2010, Chen and Dorn, 2013, Sarraf et al., 2013), voltage-

dependent anion channel (VDAC) 1, 2, and 3 (Geisler et al., 2010, Sun et al., 2012), 

mitochondrial Rho GTPases (MIRO) 1 and 2 (Birsa et al., 2014), mitochondrial 

fission 1 protein (FIS1) (Chan et al., 2011, Yamano et al., 2014), hexokinase 1 and 2, 

TOMM20, TOMM70, and p62 (Sarraf et al., 2013). Induced ubiquitination and 

degradation of MFN1 and 2 by Parkin is necessary for mitophagy to occur since it 

prevents activation of an inhibitory pathway in which depolarized and fragmented 

mitochondria become large spheroids that are not recognized by autophagosomes 

(Ding et al., 2012). However, not all MOM proteins are degraded during mitophagy. 

The anti-apoptotic protein Bcl-2 that is anchored to the MOM escapes degradation by 

translocation to the ER, which is essential for suppression of unwanted apoptosis 

during mitophagy (Shirane and Nakayama, 2003, Saita et al., 2013). This 

translocation depends on E3 activity of Parkin, indicating that Parkin also functions in 

prevention of apoptosis during mitophagy. 
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1.3.8 Involvement of the ubiquitin-proteasome system during mitophagy 

Parkin requires two other classes of enzymes before it can ubiquitinate proteins. An 

E1 Ub-activating enzyme binds Ub and transfers it to the active site of an E2 Ub-

conjugating enzyme, from where Ub is transferred onto lysine (K) residues of the 

substrate by a substrate-binding E3 ligase, in this case Parkin, resulting in protein 

ubiquitination (Pickart and Eddins, 2004). Ub itself contains seven lysines, positioned 

at amino residues 6, 11, 27, 29, 33, 48, and 63, and poly-Ub chains can be generated 

by addition of Ub to any of these lysines, resulting in different types of poly-Ub 

chains that have different cellular outcomes (Peng et al., 2003). Upon CCCP 

treatment, Parkin is able to induce both K48-linked and K63-linked polyubiquitination 

on mitochondria (Chan et al., 2011, Narendra et al., 2014). Parkin can amplify the 

signal by direct binding to and usage of K63-linked Ub-chains as a secondary docking 

site from where it can generate additional K63-linked Ub-chains (Zheng and Hunter, 

2013). K48-linked polyubiquitination was found to activate the ubiquitin-proteasome 

system (UPS) (Ciechanover and Brundin, 2003), whereas K63-linked 

polyubiquitination triggers autophagy by recruitment of the Ub binding factors histone 

deacetylase 6 (HDAC6) and p62 (Ding et al., 2010, Geisler et al., 2010, Lee et al., 

2010). Parkin itself can become ubiquitinated too by attachment of K6-linked Ub-

chains, which likely plays a role in its own degradation (Durcan et al., 2014, Ordureau 

et al., 2014). 

 

1.3.9 Effects of defective Parkin on mitochondrial health 

Mutations in or loss of Parkin can have detrimental effects on cells. It has been shown 

that mutations in Parkin can lead to disruptions in its folding, generating an insoluble 

protein (Geisler et al., 2010, Narendra et al., 2010a), that Parkin translocation to 



41 
 

mitochondria upon mitochondrial depolarisation is halted, thereby inhibiting 

mitophagy (Geisler et al., 2010, Lee et al., 2010, Narendra et al., 2010a, Okatsu et al., 

2010), that Parkin still translocates to mitochondria upon depolarisation, but that it is 

unable to clear them (Geisler et al., 2010, Lee et al., 2010, Narendra et al., 2010a, 

Okatsu et al., 2010), and that Parkin can still interact with PINK1, but that it does not 

lead to its stabilisation (Shiba et al., 2009). 

 

In Drosophila, it was found that loss of Parkin led to defects in mitochondrial 

morphology and increased sensitivity to oxidative stress, which is a phenotype similar 

to loss of PINK1 function phenotypes (Clark et al., 2006). In Drosophila neurons, 

mitochondria also showed decreased CI and CIV activity and increased production of 

ROS upon loss of Parkin (Whitworth et al., 2005). Moreover, low mitochondrial 

membrane function and membrane potential, high amounts of mtDNA deletions, loss 

of DA neurons and DA levels in the SN, and severe neurobehavioral deficits were 

observed in Parkin knockout mice crossed with mice in which mtDNA deletions are 

specifically increased in the SN, suggesting that increase in mtDNA deletions with 

age contributes to DA neurodegeneration in mice/human with non-functional Parkin 

(Song et al., 2017). 

 

1.3.10 Effects of defective PINK1 on mitochondrial health 

Similarly to Parkin, loss of PINK1 is implicated in different mitochondrial defects in 

cells too. Stable knockdown of PINK1 induced mitochondrial fragmentation, 

increased oxidative stress levels, impaired mitochondrial handling of calcium, and 

reduced ATP synthesis, which coincided with decreased autophagy flux (Gautier et 

al., 2008, Dagda et al., 2009, Gegg et al., 2009). In addition to these defects, 
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deficiency in or deletion of the PINK1 homologue in Drosophila resulted in decreased 

CI activity and reduced levels of mtDNA and mitochondrial proteins, whereas 

mitochondria in PINK1 knockout mice had decreased membrane potential, increased 

ROS production, and were more sensitive to apoptotic stimuli that act through the 

mitochondrial pathway (Clark et al., 2006, Park et al., 2006, Morais et al., 2009, Wang 

et al., 2011a). 

 

Based on studies performed in neurons, it became clear that mitochondrial defects 

caused by defective or mutated PINK1 can have broad effects on cellular mechanisms. 

PINK1-deficient rats, for instance, exhibited decreased CI and increased CII activity 

in their striatal synaptic mitochondria and proteomics illustrated that PINK1 

deficiency led to defects in fatty acid metabolism, oxidation reduction, and generation 

of precursor metabolites and energy (Stauch et al., 2016, Villeneuve et al., 2016). 

Neuronal stem cells generated from PINK1-/- mice also presented with mitochondrial 

defects, as well as elevated levels of glycolysis and increased apoptosis (Agnihotri et 

al., 2017). In Drosophila neurons, reduced ATP levels caused by PINK1 deficiency 

were responsible for altered synaptic function (Morais et al., 2009). Young PINK1 

mutant flies did not show any loss of DA neurons, however, DA neuron numbers were 

significantly decreased in 30 days old flies (Park et al., 2006). These flies also had 

reduced TH, necessary for DA synthesis, and DA levels. The finding that PD-linked 

mutant PINK1 upregulated TH and DA levels in DA neurons, leading to increased 

vulnerability to oxidative stress, further strengthened the link between PINK1, TH, 

and DA, and suggests that PINK1 might have widespread functions extending beyond 

mitophagy (Zhou et al., 2014). 
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1.3.11 Effects of PD linked mutations on mitochondrial health in patient samples 

Most experiments concerning the effects of defective or loss of PINK1 or Parkin are 

carried out in cell lines or animal models and often require overexpression of the 

mutants, which could lead to artefacts. Use of human induced pluripotent stem cells 

(hiPSC) derived from PD patients would be a more suitable method for studying 

PINK1 and Parkin in relation to PD. hiPSC can be differentiated into DA neurons, 

demonstrating the power of this model for PD-related research. 

 

Parkin mutated hiPSC-derived neurons were unable to execute mitophagy and had 

abnormal mitochondrial morphology, impaired mitochondrial homeostasis, and 

increased oxidative stress (Imaizumi et al., 2012). More studies confirmed abnormal 

mitochondrial morphology, in which reduced mitochondrial volume, increased 

susceptibility to mitochondrial toxins, and reduced amount of differentiated DA 

neurons were also found (Shaltouki et al., 2015, Chung et al., 2016). Other cellular 

processes, such as DA uptake and release (Jiang et al., 2012), microtubule dynamics 

(Ren et al., 2015), proteasomal degradation and anti-oxidative pathway (Chang et al., 

2016), and apoptosis (Konovalova et al., 2015), were affected, suggesting that Parkin 

is likely involved in different processes in DA neurons. 

 

PINK1 mutant hiPSC-derived DA neuronal cells, on the other hand, were more 

sensitive to cell death and production of ROS and showed increased rate of basal 

oxygen consumption and proton leakage, suggesting mitochondria were intrinsically 

damaged (Cooper et al., 2012). These cells also had decreased mitochondrial 

membrane potential and CI activity (Morais et al., 2014). Furthermore, no reduction in 

mtDNA upon mitochondrial depolarisation was detected, which was observed in 
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wildtype (WT) hiPSC, suggesting mitophagy did not take place (Seibler et al., 2011). 

Interestingly, the authors found that peroxisome proliferator-activated receptor-

gamma coactivator-1α (PGC-1α) levels were significantly increased in PINK1 mutant 

cells. PGC-1α is an important inducer of mitochondrial biogenesis, which might 

suggest that upregulation of this protein could be a compensatory response to restore 

mitochondrial function. 
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1.4 Aim of thesis 

Over the past ten years, mitophagy has received a lot of attention from the scientific 

community, however, uncertainties concerning its regulation and involvement of 

autophagy still exist. Defective mitophagy is implicated in PD, though it has been 

mainly studied in non-neuronal cells, which might not reflect the mitophagic process 

in neurons. Therefore, it is important to study mitophagy in a more appropriate 

setting, namely neuronal cells. 

 

The aims of this thesis were: 

1) Characterisation of mitophagy and involvement of proteins regulating 

autophagy and/or proteasomal degradation during mitophagy in a 

neuroblastoma (SH-SY5Y) cell line. 

2) Assessment whether mitophagy can be induced in undifferentiated mouse 

embryonic stem cells (mESC) and which autophagy-related proteins are 

involved in this process. 

3) Examination on whether mitophagy can be successfully induced in a control 

and PD hiPSC line containing a SNCA triplication and which autophagy and/or 

proteasomal degradation related proteins are involved. 

4) Evaluation of differences between control and PD hiPSC in terms of 

mitophagy. 
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2.0 Materials 

2.0.1 Equipment 

Balances (Satorius, TE64 and TE412) 

Cell culture hood (NuAire laminar flow hood) 

ChemiDoc MP Imaging System (BioRad) 

Countess® Automated Cell Counter (Invitrogen) 

Electroblot transfer tanks (BioRad, Trans-blot Cell; Invitrogen, XCell II Blot Module) 

Electrophoresis power supply (BioRad) 

Eppendorf 5424 microcentrifuge (Thermo Electron Corporation) 

Eppendorf 5810R refrigerated microcentrifuge (Thermo Electron Corporation) 

Eppendorf Personal cycler with heated lid 

Gilson Pipettes; P2, P10, P20, P200 & P1000 

Heat block (Stuart, SBH 200D) 

LightCycler Nano (Roche) 

LUNA-II automated cell counter (Logos Biosystems) 

Mammalian cell culture incubator (Sanyo CO2 incubator) 

Microscope (Nikon Eclipse TS100; Olympus BX51 upright microscope) 

Mr. Frosty (Thermo Fisher Scientific) 

NanoDrop spectrophotometer ND-1000 

pH meter (Hanna instruments) 

PipetteAid (Drummond Scientific) 

Rocker (See-saw rocker SSL4, Stuart) 

Scanner (EPSON 4990 Perfection) 

SDS-PAGE systems (Invitrogen, Mini-Cell; BioRad, Criterion Cell)  

Spectrophotometer (Eppendorf, BioPhotometer) 
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Vibra Cell Sonicator; Stepped Microtip, 630-0422 (Sonics) 

Vibrax shaker (IKA Vibrax, VXR Basic) 

Vortex (Scientific Industries, Genie 2) 

Water bath (Grant JB Series) 

 

2.0.2 Chemicals 

All chemicals and reagents were obtained from Sigma Aldrich (Wicklow, Ireland) or 

Melford (England), unless indicated otherwise. 

Acrylamide (40 %; Santa Cruz Biotechnology) 

Ammonium persulfate (APS; BioRad) 

Bafilomycin A1 (Enzo Scientific) 

β-glycerol phosphate (Calbiochem) 

Bicine 

Bis-Tris 

β-mercaptoethanol 

Bovine serum albumin (BSA) 

Butan-1-ol 

Calcium chloride 

CHAPS 

Chlorobutanol 

Chloroform 

Chloroquine (Roche) 

Complete Protease Inhibitor Cocktail, EDTA free (Roche) 

Coomassie plus assay reagent (Thermo Fisher Scientific) 

Crystal Violet 
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Cycloheximide (CHX) 

DAPI 

Dimethylsulfoxide (DMSO) 

Dithiothreitol (DTT) 

EDTA 

EGTA 

Enhanced chemiluminescent (ECL) HRP substrate detection kit (Millipore) 

Ethanol 

FCCP 

Formaldehyde (37 %) 

HEPES 

High-performance liquid chromatography (HPLC) grade water 

Hydromount (Thermo Fisher Scientific) 

Immobilon-P polyvinylidene difluoride transfer (PVDF) membrane (Millipore) 

Isopropanol 

LDS sample buffer 4x (Invitrogen) 

MES 

Methanol 

MG132 (Calbiochem) 

MOPS 

Non-fat dried milk powder (Marvel) 

PD184352 (Rudy Marquez, University of Glasgow) 

PerfeCTa SYBR Green FastMix 2x (VWR) 

Ponceau S 

Potassium chloride 
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Potassium phosphate monobasic 

Precision plus protein all blue standards (BioRad) 

Protein G Sepharose beads (GE Biosciences) 

qScript cDNA SuperMix 5x (VWR) 

Rapamycin (Calbiochem) 

SAR405 (University of Dundee) 

Sodium chloride 

Sodium dodecyl sulfate 

Sodium fluoride 

Sodium orthovanadate 

Sodium phosphate 

Sodium phosphate dibasic heptahydrate 

Sodium pyrophosphate 

Sucrose 

TEMED 

Tris Base 

Triton X100 

TRIzol (Invitrogen) 

Tween 20 

V34-IN1 (University of Dundee) 

Whatman 3MM blotting and chromatography paper (Thermo Fisher Scientific) 

 

 



51 
 

2.0.3 Tissue culture reagents and media 

All media and reagents were obtained from Sigma Aldrich (Wicklow, Ireland) or 

Invitrogen/Gibco (Paisley, Scotland), unless indicated otherwise. 

0.25% Trypsin-EDTA dissociation media 

2.5% Trypsin (10x) 

Accutase 

Ascorbic acid 

B-27 supplement (50x) 

Brain-derived neurotrophic factor (BDNF; Miltenyi Biotech) 

CHIR99021 

Collagenase IV 

dbcAMP 

Dulbecco’s modified Eagle’s medium (DMEM) 

Dulbecco’s modified Eagle’s medium (DMEM) + GlutaMAX  

Dulbecco’s modified Eagle’s medium (DMEM)/Nutrient mixture F-12 Ham 1:1 

Dulbecco’s modified Eagle’s medium (DMEM)/Nutrient mixture F-12 Ham 1:1 + 

GlutaMAX  

Dulbecco’s phosphate-buffered saline (D-PBS) 

Eagle’s minimum essential medium (MEM) non-essential amino acid solution (100x) 

Earle’s Balanced Salt Solution (EBSS) 

EmbryoMax ES cell qualified fetal bovine serum (Millipore) 

Epidermal growth factor (EGF; Miltenyi Biotech) 

Fibroblast growth factor 8b (FGF8b; Miltenyi Biotech) 

Foetal bovine serum (FBS; Labtech) 

Gelatin from cold water fish skin 
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Glial cell line-derived neurotrophic factor (GDNF; Miltenyi Biotech) 

Human basic fibroblast growth factor (FGFb; Miltenyi Biotech) 

Human leukaemia inhibitory factor (hLIF) 

KnockOut Dulbecco’s modified Eagle’s medium (KO-DMEM) 

KnockOut Dulbecco’s modified Eagle’s medium (KO-DMEM)/Nutrient mixture F-12 

Ham 1:1  

KnockOut serum replacement  

L-glutamine (200 mM) 

Matrigel (BD biosciences) 

mFreSR (STEMCELL Technologies) 

N-2 supplement (100x) 

Neurobasal medium  

Normocin (Invivogen) 

Penicillin/Streptomycin 

Rho-associated, coiled-coil containing protein kinase (ROCK) inhibitor (BD 

Biosciences) 

SB 431542 

Sonic Hedgehog (SHH; Miltenyi Biotech) 

StemMACS iPS-Brew XF basal medium (Miltenyi Biotech) 

StemMACS iPS-Brew XF supplement 50x (Miltenyi Biotech) 

StemMACS passaging solution XF (Miltenyi Biotech) 

Trypan blue 
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2.0.4 Buffers and solutions 

CTK solution: 

5 mL 2.5% Trypsin 10x, 5 mL 1 mg/mL Collagenase IV, 0.5 mL 0.1 M calcium 

chloride, 10 mL KnockOut serum replacement, 30 mL ddH2O.  

 

HEPES buffered saline (HBS): 

140 mM sodium chloride, 0.75 mM sodium phosphate dibasic heptahydrate, 25 mM 

HEPES, pH 7.05. 

 

LDS protein electrophoresis sample buffer (4x): 

900 μL 4 x LDS sample buffer, 100 μL 500 mM dithiothreitol. 

 

Low salt buffer: 

50 mM Tris Base, pH 7.5, 1 mM EGTA, 1 mM EDTA, 1 mM activated sodium 

orthovanadate, 10 mM β-glycerol phosphate, 50 mM sodium fluoride, 5 mM sodium 

pyrophosphate, 0.27 M sucrose, 0.3 % (w/v) CHAPS, 0.1 % (v/v) β-mercaptoethanol. 

 

Lysis buffer: 

50 mM Tris Base, pH 7.5, 1 mM EGTA, 1 mM EDTA, 1 mM activated sodium 

orthovanadate, 10 mM β-glycerol phosphate, 50 mM sodium fluoride, 5 mM sodium 

pyrophosphate, 0.27 M sucrose, 0.3 % (w/v) CHAPS. 0.1 % (v/v) β-mercaptoethanol 

and Complete Protease Inhibitor Cocktail (1 tablet per 50 mL of buffer) were added 

just before use. 
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MES SDS NuPAGE protein electrophoresis buffer: 

50 mM MES, pH 7.7, 50 mM Tris Base, 3.5 mM sodium dodecyl sulfate, 1 mM 

EDTA. 

 

MOPS SDS NuPAGE protein electrophoresis buffer: 

50 mM MOPS, pH 7.7, 50 mM Tris Base, 3.5 mM sodium dodecyl sulfate, 1 mM 

EDTA. 

 

Phosphate-buffered saline solution (PBS): 

137 mM sodium chloride, 2.7 mM potassium chloride, 10 mM sodium phosphate, 1.8 

mM potassium phosphate monobasic, pH 7.4. 

 

Stripping buffer: 

Tris buffered saline solution, pH 7.5, 2% (w/v) sodium dodecyl sulfate with 0.1 % 

(v/v) β-mercaptoethanol added just before use. 

 

Tris-buffered saline solution (TBS): 

2 mM Tris Base, pH 7.5, 15 mM sodium chloride. 

 

Tris-buffered saline solution-Tween 20 (TBS-T): 

2 mM Tris Base, pH 7.5, 15 mM sodium chloride, 0.1 % (v/v) Tween 20. 

 

Western blotting blocking buffer: 

5% (w/v) non-fat dried milk solution in tris-buffered saline solution-Tween. 
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Western blotting transfer buffer: 

25 mM Bicine, pH 7.2, 25 mM Bis-Tris, 1 mM EDTA, 50 µM chlorobutanol. 

 

2.0.5 Antibodies 

Antibodies used for immunofluorescence (IF), immunoprecipitation (IP), or Western 

blot (WB) analysis, are listed in Table 2.0.5 (commercial primary antibodies), Table 

2.0.6 (lab made primary antibodies), and Table 2.0.7 (horseradish peroxidase (HRP)-

conjugated or fluorescent-labelled secondary antibodies). 
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Name Species Dilution Manufacturer 

β-actin Mouse 1:10,000 Sigma 

p44/42 MAPK (ERK1/2) Rabbit 1:2,000 Cell Signaling 

p-p44/42 MAPK 

(pERK1/2; T202/Y204) 
Mouse 1:2,000 Cell Signaling 

LAMP1 Mouse 1:2,000 Antibodies-online 

mTORC1 Rabbit 1:1,000 Cell Signaling 

p-mTORC1 (S2448) Rabbit 1:1,000 Cell Signaling 

p62/SQSTM1 Rabbit 1:1,000 MBL 

Parkin Mouse 1:200 Santa Cruz Biotechnology 

PINK1 Rabbit 
1:500 Novus Biologicals 

1:200 Santa Cruz Biotechnology 

S6K1 Rabbit 1:1,000 Santa Cruz Biotechnology 

p-S6K1 (Thr389) Rabbit 1:1,000 Santa Cruz Biotechnology 

TIM23 Mouse 1:1,000 
BD Transduction 

Laboratories 

TOM20 Mouse 
1:1,000 IF BD Transduction 

Laboratories 1:1,000 WB 

ULK1 Rabbit 1:200 Santa Cruz Biotechnology 

UVRAG Rabbit 1:500 Imgenex 

VDAC1 Rabbit 1:1,000 Abcam 

Table 2.0.5. Commercial primary antibodies. 
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Name Species Concentration Source 

Beclin1 (S633C) Sheep 
2.0 µg IP 

Murray lab 
0.1 µg/mL WB 

p-Beclin1 (Ser30) Rabbit 0.5 µg/mL Murray lab 

hVps15 (S634B) Sheep 0.5 µg/mL Murray lab 

LC3B (S623C) Sheep 
1 μg/ mL IF 

Murray lab 
0.5 µg/mL WB 

PIK3C3 (S284C) Sheep 
2.0 µg IP 

Murray lab 
0.5 µg/mL WB 

Table 2.0.6. Lab made primary antibodies. 

 

Antibody generated Host species Dilution Manufacturer 

Alexa Fluor 488 α-Rabbit Donkey 1:1,000 Thermo Fisher Scientific 

Alexa Fluor 488 α-Sheep Donkey 1:1,000 Thermo Fisher Scientific 

Alexa Fluor 594 α-Mouse Donkey 1:1,000 Thermo Fisher Scientific 

Rabbit-HRP Goat 1:10,000 Thermo Fisher Scientific 

Sheep-HRP Rabbit 1:10,000 Thermo Fisher Scientific 

Mouse-HRP Rabbit 1:10,000 Thermo Fisher Scientific 

Protein G-HRP 1:2,000  BioRad 

Table 2.0.7. Horseradish peroxidase-conjugated (HRP) and fluorescent-labelled secondary 

antibodies. 

 

2.1 Cell culture 

All cell culture work was done under sterile conditions in a NuAire laminar flow 

hood. Cells were maintained at 37 °C and 5 % CO2 (7.5 % CO2 for HEK293T cells) in 

a humidified incubator and cell growth and viability were monitored daily using a 

Nikon Eclipse TS100 light microscope. Cell numbers and cell viability were assessed 

by exclusion of trypan blue dye and determined with the use of Countess or LUNA-II 

automated cell counters. 
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2.1.1 Maintenance of cultured cell lines 

SH-SY5Y cells were kindly provided by Dr. Daniela Zisterer (Trinity College Dublin, 

Dublin) and were maintained in a 1:1 mixture of Dulbecco’s modified Eagle’s 

medium (DMEM) and Nutrient mixture F-12 Ham (F-12) supplemented with 10 % 

foetal bovine serum (FBS), 100 units/mL penicillin, and 100 µg/mL streptomycin. 

Human Embryonic Kidney 293T (HEK293T) cells were obtained from Cancer 

Research, UK cell repository and were grown in DMEM supplemented with 10 % 

FBS, 100 units/mL penicillin, and 100 µg/mL streptomycin. Cells were cultured in 

T75 or T175 flasks until they reached 80-90 % confluency and were then subcultured, 

usually every 6-7 days for SH-SY5Y cells and every 2-3 days for HEK293T cells. 

 

2.1.2 Maintenance of undifferentiated mouse embryonic stem cells 

46C mouse embryonic stem cells (Sox-1-GFP knock-in ESCs) were a kind gift from 

Dr. Gavin Davey (Trinity College Dublin, Dublin) and were cultured in KnockOut 

DMEM supplemented with 15 % knockout serum replacement, 100 units/mL 

penicillin, 100 µg/mL streptomycin, 2 mM L-glutamine, 1x non-essential amino acids 

(NEAA), 0.1 mM β-mercaptoethanol, and 10 µg/mL human leukaemia inhibitory 

factor (hLIF). 46C cells were maintained in gelatin coated T25 flasks (0.1 % gelatin 

from cold water fish skin) that were prepared freshly before use. Gelatin (3 mL for 

T25 flask and 2 mL for 6-well plates) was incubated at room temperature (RT) for 30 

minutes after which it was aspirated. Flasks or plates were dried for 1 hour at 37 °C 

and were washed once in phosphate-buffered saline (PBS) before use. 46C cells were 

passaged every other day and medium was changed in between passages if it turned 

yellow. Fresh 46C medium was made every two weeks. 

 



59 
 

2.1.3 Maintenance of undifferentiated human induced pluripotent stem cell 

colonies 

Undifferentiated PD AST23 (EDi001-A, female, 50-54 years old) human induced 

pluripotent stem cells (hiPSC) were obtained from Dr. Gavin Davey (Trinity College 

Dublin, Dublin) through the TINTIN network. Undifferentiated PD hiPSC colonies 

were maintained in 6-well plates and first cultured on a feeder layer consisting of 

mouse embryonic fibroblasts (MEF) in order to grow and expand them (see Table 

2.1.3 for cell culture media recipes). Plates were coated with 1 mL 0.1 % gelatin 

solution (cold water fish skin) for 10 minutes at 37 °C prior to the addition of MEF. 

MEF were seeded (60,000-70,000 cells/well) one day before introducing 

undifferentiated PD hiPSC colonies, whereas medium was changed from MEF 

medium to hiPSC medium 1 hour before the addition of undifferentiated PD hiPSC 

colonies. An inhibitor of Rho-associated, coiled-coil containing protein kinase 

(ROCK; 10 µM final concentration) was added when undifferentiated PD hiPSC 

colonies were introduced for the first time. Cells were allowed to adjust for 2 days 

after which the medium (without ROCK inhibitor) was changed daily until colonies 

were ready to be picked. 

 

Undifferentiated PD hiPSC colonies were maintained feeder free in Matrigel coated 

plates in StemMACS iPS-Brew XF medium (see Table 2.1.3 for recipe) in order to be 

able to differentiate them. Matrigel was thawed on ice approximately 1 hour before 

use and was used at a 1:100 dilution in KnockOut DMEM. One millilitre of Matrigel 

was added to a 6-well plate and was incubated at RT for at least 1 hour. Matrigel was 

aspirated before undifferentiated PD hiPSC colonies were transferred to the plate. 

Medium was changed daily. 
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Cell line Medium Supplements 

MEF 
DMEM + 

GlutaMAX 

10 % FBS, 100 units/mL penicillin, 100 µg/mL 

streptomycin, 1x NEAA, 0.001 % β-

mercaptoethanol 

NPC (BDNF 

medium) 

1:1 mixture of ND 

medium (with 

supplements) and 

Neurobasal 

medium 

0.5 % penicillin/streptomycin, 0.5 % NEAA 

(1x final concentration), 0.5 % L-Glutamine (2 

mM final concentration), 0.5 % N-2 

supplement (1x final concentration), 1 % B-27 

supplement (1x final concentration), 10 ng/mL 

BDNF, 10 ng/mL GDNF, 10 μM dbcAMP, 

100 μM ascorbic acid* 

NPC (DopaNPC 

medium) 

1:1 mixture of ND 

medium (with 

supplements) and 

Neurobasal 

medium 

0.5 % penicillin/streptomycin, 0.5 % NEAA 

(1x final concentration), 0.5 % L-Glutamine (2 

mM final concentration), 0.5 % N-2 

supplement (1x final concentration), 1 % B-27 

supplement (1x final concentration), 3 μM 

CHIR99021, 2 µM SB 431542, 10 ng/mL hLIF 

NPC (ND medium) 

1:1 mixture of 

DMEM/F-12 + 

GlutaMAX 

100 units/mL penicillin, 100 µg/mL 

streptomycin, 1x NEAA, 2mM L-Glutamine, 

1x N-2 supplement, 1x B-27 supplement 

NPC (SHH 

medium) 

1:1 mixture of ND 

medium (with 

supplements) and 

Neurobasal 

medium 

0.5 % penicillin/streptomycin, 0.5 % NEAA 

(1x final concentration), 0.5 % L-Glutamine (2 

mM final concentration), 0.5 % N-2 

supplement (1x final concentration), 1 % B-27 

supplement (1x final concentration), 20 ng/mL 

EGF, 20 ng/mL FGF8b, 25 ng/mL SHH, 100 

μM ascorbic acid* 

Undifferentiated 

colonies on 

Matrigel 

StemMACS iPS-

Brew XF basal 

medium 

2 % StemMACS iPS-Brew XF 50x 

supplement, 100 μg/mL Normocin 

Undifferentiated 

colonies on MEF 

(hiPSC medium) 

1:1 mixture of 

KnockOut 

DMEM/F-12 

20 % KnockOut serum replacement, 100 

units/mL penicillin and 100 µg/mL 

streptomycin, 1x NEAA, 2 mM L-glutamine, 

0.001 % β-mercaptoethanol, 20 ng/mL FGFb 

Table 2.1.3. Specific media supplementation as required for hiPSC. * Ascorbic acid was 

added freshly before use to the required volume of medium. 
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2.1.4 Picking of undifferentiated human induced pluripotent stem cell colonies 

The process of picking undifferentiated PD hiPSC colonies is the same for both 

colonies grown on MEF or colonies grown feeder free. Colonies that were ready to be 

picked were big and often appeared to be dense in the centre of the colony. Colonies 

of which its centre was turning dark were starting to differentiate and were ignored. A 

p20 Gilson pipette was used to scrape colonies into roughly six parts. Colonies were 

gently scraped off the bottom of the plate and 20 μL of cells was taken up. A total of 

60 μL of cells (approximately 1.5 colony) was added to 1 mL of appropriate medium 

in a new plate that either contained MEF (in hiPSC medium) or was coated with 

Matrigel (in StemMACS iPS-Brew XF medium). Cells were allowed to attach 

overnight in the incubator at 37 °C. An extra 1 mL of medium was added the 

following morning and the medium was changed daily until colonies were ready to be 

picked. 

 

2.1.5 Freezing of undifferentiated human induced pluripotent stem cell colonies 

ROCK inhibitor (10 μM final concentration) was added to the undifferentiated PD 

hiPSC colonies maintained on MEF 1 hour prior to freezing. Colonies were washed 

once in PBS and were incubated with 1 mL of CTK solution for 4-5 minutes at 37 °C. 

After washing the colonies twice in PBS, 1 mL of hiPSC medium was added and 

colonies were carefully scraped with a cell scraper (Corning). Intact colonies were 

transferred to a 15 mL Falcon tube (Corning) and were centrifuged at 300 rcf for 5 

minutes. Medium was removed and colonies were resuspended in 1 mL freezing 

medium (500 µL hiPSC medium, 400 µL ES cell qualified FBS, 100 µL 

dimethylsulfoxide (DMSO)). Vials were transferred to a Mr. Frosty freezing container 
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(Thermo Fisher Scientific) and were left at -80 °C overnight before being relocated to 

liquid N2 for long-term storage. 

 

Undifferentiated PD hiPSC colonies cultured in Matrigel coated plates were first 

washed in PBS before adding 800 μL StemMACS passaging solution XF to each well. 

The passaging solution was carefully removed after a 4 minute incubation period at 

RT and 2 mL of KnockOut DMEM/F-12 (without supplements) was used to wash the 

colonies. Another 2 mL of KnockOut DMEM/F-12 (without supplements) was added 

and colonies were scraped with a cell scraper. Intact colonies were transferred to a 15 

mL Falcon tube and were centrifuged for 5 minutes at 300 rcf. Medium was removed 

and colonies were resuspended in 1 mL mFreSR. Vials were transferred to a Mr. 

Frosty freezing container and were left at -80 °C overnight before being relocated to 

liquid N2 for long-term storage. 

 

2.1.6 Generation of neuronal precursor cells 

Neuronal precursor cells (NPC) were generated from undifferentiated PD hiPSC 

colonies cultured on Matrigel. About 7-10 manually picked undifferentiated PD 

hiPSC colonies in a single well were cultured for 3 days in StemMACS iPS-Brew XF 

medium before changing the medium to DopaNPC medium (see Table 2.1.3 for 

recipes of the media). Undifferentiated PD hiPSC colonies were maintained in 

DopaNPC medium for 7 days and medium was changed every 2 days. Colonies were 

not picked during this period. Medium was removed after these 7 days and PD hiPSC 

were washed once in PBS. PD hiPSC were detached by the addition of 1 mL Accutase 

that was incubated for 7 minutes at 37 °C. PD hiPSC were centrifuged for 5 minutes 

at 600 rcf and split 1:3. Medium was changed every 2 days and PD hiPSC were 
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subcultured 1:3 once a week for 6 weeks after which the stable NPC line was 

generated that was split 1:10 regularly. 

 

2.1.7 Differentiation of neuronal precursor cells into dopaminergic neurons 

NPC generated from hiPSC of a healthy donor (male, 23 years old) were a generous 

gift from Prof. Patrick Schloss (CIMH, Mannheim). NPC were seeded at a density of 

30,000 cells/well in Matrigel coated 6-well plates and were allowed to settle 

overnight. The medium was changed to SHH medium (see Table 2.1.3 for recipe) the 

following day and NPC were cultured in this medium for 14 days to induce a midbrain 

phenotype. NPC were not subcultured and medium was changed every 2 days. 

Terminal differentiation of NPC into dopaminergic neurons was induced by culturing 

the cells in BDNF medium for 4 weeks. Medium was changed every 2 days. 

 

2.2 Cell viability assays 

2.2.1 Crystal Violet assay 

SH-SY5Y cells were stained with Crystal Violet to measure cell proliferation. SH-

SY5Y cells were seeded at a concentration of 4 x 105 cells per well in a 6-well plate 

and were incubated overnight. Cells were treated with different inhibitors for 24 hours 

after which they were washed once in PBS and fixed with 100 % methanol on the see-

saw rocker for 10 minutes. Cells were stained with 0.5 % Crystal Violet solution for 

10 minutes on the see-saw rocker, followed by several washes in a large beaker of 

water until excess stain had been removed. Plates were allowed to air-dry overnight 

after which they were destained by the addition of 1 % sodium dodecyl sulfate (SDS) 

to each well. Plates were placed on the see-saw rocker for several minutes until the 

Crystal Violet dye had been released. Five hundred microliter of this solution was 
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transferred to a cuvette and the absorbance was read at 563 nm on a 

spectrophotometer. Dilutions of the destained samples were made using 1 % SDS in 

case the concentrations were beyond the detection limits of the instrument and the 

samples were re-read. 

 

2.3 Microscopy 

2.3.1 Immunocytochemistry 

SH-SY5Y cells or NPC were cultured on uncoated or Matrigel coated 13 mm glass 

coverslips (VWR) respectively, to a confluency of approximately 50-60 %. Cells were 

washed once in PBS after treatments of interest and were fixed in 3.7 % formaldehyde 

in PBS for 20 minutes, which was followed by permeabilisation of cells with 0.1 % 

Triton X100 in PBS for 10 minutes. To reduce nonspecific binding of antibodies, cells 

were blocked in 3 % bovine serum albumin (BSA) in PBS for 20 minutes. Both 

primary (see Table 2.0.5 & 2.0.6) and fluorescent-labelled secondary (see Table 2.0.7) 

antibodies were diluted in 3 % BSA in PBS and were incubated for 1 hour each. DAPI 

was used as a counterstain at a concentration of 0.5 µg/mL in PBS and was incubated 

for 5 minutes prior to mounting coverslips on glass slides with the use of 

Hydromount. Cells were washed three times in PBS between different steps and both 

secondary antibody and DAPI incubations were carried out in the dark. Slides were 

stored in the dark at 4 °C until imaged. Imaging was done using an Olympus BX51 

upright microscope and a 60x oil immersion objective. 
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2.4 Molecular biology 

2.4.1 Calcium phosphate transfection 

SH-SY5Y cells were split to 50 % confluency on uncoated coverslips in 6-well plates 

1-2 hours prior to transfection. A calcium chloride/DNA precipitate was prepared by 

the addition of 12.2 µL 2 M calcium chloride and 4 µg DNA to sterile ddH2O (final 

volume 0.1 mL). The calcium chloride/DNA precipitate was slowly added to 0.1 mL 

2x HEPES buffered saline (HBS) solution and this mixture was added to cells 

dropwise. Cells were incubated for 16-24 hours at 37 °C after which they were 

washed and maintained in fresh medium. Cells were treated with different chemical 

reagents for different time points before fixation (see section 2.3.1). 

 

2.4.2 RNA isolation 

SH-SY5Y cells or NPC cultured in 6-well plates were treated with 5 μM carbonyl 

cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) for different time points after 

which they were washed once in PBS. Cells were trypsinised for 5 minutes at 37 °C (7 

minutes with accutase for NPC) and trypsinisation was neutralised with fresh medium. 

Cells were pelleted at 250 x g (600 rcf for NPC) for 5 minutes at RT and 1 mL of 

TRIzol was added directly to unwashed cells after removal of the supernatant. 

Samples were homogenised by pipetting and incubated for 5 minutes at RT after 

which they were snap frozen in liquid N2 and stored at -20 °C. 

 

RNA was separated by the addition of 0.2 mL chloroform. Samples were shaken 

vigorously for 15 seconds and incubated for 3 minutes at RT before centrifugation at 

12,000 x g for 15 minutes at 4 °C. The upper aqueous phase containing the RNA was 

removed and transferred to a new microcentrifuge tube. RNA was precipitated by the 
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addition of 0.5 mL isopropanol and was incubated for 10 minutes at RT before 

centrifugation at 12,000 x g for 10 minutes at 4 °C to obtain RNA pellets. The 

supernatant was removed and the RNA pellets were washed twice in 0.5 mL 75 % 

ethanol, were vortexed briefly, and were centrifuged at 7,500 x g for 5 minutes at 4 

°C. The ethanol was removed and pellets were allowed to air dry. RNA pellets were 

resuspended in 30 µL high-performance liquid chromatography (HPLC) grade water 

and were heated for 10 minutes at 60 °C. Concentration and purity of RNA was 

determined with the use of a NanoDrop spectrophotometer ND-1000. RNA was stored 

at -80 °C. 

 

2.4.3 cDNA synthesis 

RNA was diluted to a concentration of 100 ng/µL for cDNA synthesis. cDNA 

reactions were set up on ice and to a final volume of 10 µL in RNase-free 

microcentrifuge tubes, containing 5 µL 100 ng/µL prepared RNA, 2 µL qScript cDNA 

SuperMix 5x, and 3 µL HPLC grade water. Samples were mixed by vortexing and 

were briefly centrifuged. Reactions were cycled for 5 minutes at 25 °C, 30 minutes at 

42 °C, and 5 minutes at 85 °C, after which they were kept at either 4 °C for short term 

storage or at -20 °C for long term storage. cDNA synthesis was carried out with an 

Eppendorf Personal cycler with heated lid. 

 

2.4.4 Real-time quantitative polymerase chain reaction (RT-qPCR) 

cDNA was diluted 1:10 in HPLC grade water following cDNA synthesis. Biological 

replicates were run in triplicate and RNA samples were run to check for genomic 

DNA contamination. Reactions of 10 μL were set up on ice in LightCycler Nano 8-

tube strips (Roche) and consisted of 5 μL PerfeCTa SYBR Green FastMix 2x, 2.5 μL 
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HPLC grade water, 0.5 μL primers, and 2 μL 1:10 diluted cDNA. Strips were briefly 

centrifuged before placing in a LightCycler Nano (Roche). The LightCycler was set to 

run for a 2 minute initial denaturation at 95 °C, followed by a 45 cycle amplification 

of 95 °C for 10 seconds and 60 °C for 45 seconds. Prevalidated RealTime ready 

Parkin, PINK1, and 18s primers were purchased from Roche with 18s being the 

housekeeping gene used for normalisation. 

 

2.5 Protein analysis 

2.5.1 Preparation of cell extracts 

Plates or dishes were placed on ice and medium was aspirated. Cells were washed in 

ice-cold PBS once and excess PBS was removed by aspiration. Cells were lysed in 

100-200 µL lysis buffer, depending on size of culture dish to generate protein lysates 

between 1-2 mg/mL. Cells were scraped and transferred to microcentrifuge tubes. 

Whole cell lysates were either used immediately or snap frozen in liquid N2 and stored 

at -20 °C for later analysis. 

 

Protein concentrations were determined by Bradford Assay. In duplicate, 2 µL of 

whole cell lysate was added to 500 µL of Coomassie plus assay reagent, which was 

vortexed briefly and was incubated for 10 minutes in the dark at RT. Absorbance was 

read at 595 nm on a spectrophotometer. Protein concentrations were calculated against 

a pre-determined BSA standard curve (0.025-1.5 mg/mL) that was prepared for each 

bottle of Coomassie plus protein assay reagent separately. 
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2.5.2 SDS-poly-acrylamide gel electrophoresis (SDS-PAGE) 

To prepare samples for SDS-poly-acrylamide gel electrophoresis (SDS-PAGE) 

analysis, 4x NuPAGE LDS sample buffer containing dithiothreitol (DTT; 1:10) was 

added to whole cell lysates to obtain a final concentration of 1x LDS. Samples were 

sonicated using a MicroTip sonicator (20 % output, two times for 5 seconds) and 

heated for 10 minutes at 70 °C. Whole cell lysates were separated by gel 

electrophoresis on 8 % and 10 % Bis-Tris gels, depending on protein size to be 

analysed. Gels were prepared according to the recipes in Table 2.5.2. 

 

 Stack Resolve 

4% 8% 10% 

Acrylamide:Bis (30 % : 2 %) [mL] 0.500 2.000 2.500 

1.25 M Bis Tris, pH 6.7 [mL]  1.071 2.143 2.143 

Water [mL] 2.144 3.287 2.787 

10 % APS [µL] 25 50 50 

TEMED [µL] 10 20 20 

Table 2.5.2. Recipes for SDS-PAGE gels. 

 

The resolving gel was overlaid with a small layer of butan-1-ol saturated against 1.25 

M Bis-Tris solution to ensure a boundary level between stacking and resolving gel. 

The butanol overlay was rinsed off with distilled water once resolving gel had set and 

stacking gel was poured on top. Gels were run in either MOPS or MES buffer, 

depending on the mass of proteins that required separation. Depending on the cell line, 

20-30 µg of protein was loaded and samples were run alongside precision plus protein 

all blue standards to determine progress of protein migration. Gels were run at 150 V 

until protein markers were sufficiently separated. 
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2.5.3 Western immunoblotting 

Proteins resolved by SDS-PAGE were transferred onto Immobilon-P polyvinylidene 

difluoride transfer (PVDF) membrane by wet electroblotting. In short, PVDF 

membrane was activated in methanol and pre-soaked in transfer buffer. A sandwich 

was made with a pre-soaked sponge pad and a sheet of Whatman 3MM filter paper at 

the cathode (-), followed by gel, PVDF membrane, and another pre-soaked sheet of 

Whatman 3MM paper and sponge pad at the anode (+). Proteins were electroblotted in 

transfer buffer for either 2 hours at 40 V or 8 hours at 10 V at 4 °C. 

 

In case it was deemed necessary, the efficiency and quality of SDS-PAGE and 

electroblotting were confirmed by brief staining of the membranes with Ponceau S 

that was washed away with tap water. Next, membranes were incubated in 5 % (w/v) 

non-fat dried milk solution in tris-buffered saline with Tween 20 (TBS-T) for either 1 

hour at RT or overnight at 4 °C to reduce non-specific antibody binding. Membranes 

were incubated with primary antibodies diluted in blocking buffer according to Table 

2.0.5 & 2.0.6 for 2 hours at RT. After washing in TBS-T three times for 10 minutes, 

membranes were incubated for 1 hour at RT with horseradish peroxidase (HRP)-

conjugated secondary antibodies generated specifically against the primary antibody 

species (Table 2.0.7). Membranes were washed three times for 10 minutes in TBS-T 

and protein detection was carried out using enhanced chemiluminescent (ECL) HRP 

substrate detection kit. Signal generated by the HRP substrate was promptly detected 

using a ChemiDoc MP Imaging System. Intensity of protein bands was quantified 

densitometrically using ImageJ software, if required. 
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2.6 Protein-protein interactions 

2.6.1 Immunoprecipitation 

Whole cell extracts for immunoprecipitation (IP) were obtained as described in 

section 2.5.1. To remove insoluble material, protein lysates were clarified by 

centrifugation at 16,000 x g for 15 minutes at 4 °C. Supernatant was transferred to a 

new microcentrifuge tube and protein concentration was measured by Bradford Assay 

(see section 2.5.1). A volume of around 1 mg of protein was transferred into a new 

microcentrifuge tube and volumes were normalised with lysis buffer. Desired proteins 

were immunoprecipitated by overnight incubation with appropriated antibodies (see 

Table 2.0.6) on a vibrax shaker at 4 °C. Immunocomplexes were captured by adding 

20 µL of a 50 % Protein G Sepharose beads slurry (pre-washed in distilled water 

followed by low salt buffer (LSB)) and incubated for 1 hour at 4 °C on the vibrax 

shaker. Beads were collected by centrifugation at 2,500 x g for 1 minute and 

supernatants were saved for future analysis. Beads were washed in ice-cold lysis 

buffer (without protease inhibitors) three times for 10 minutes on a vibrax shaker at 4 

°C followed by one wash in ice-cold TBS to remove detergents and salts. Samples 

were resuspended in 30 µL of 2x NuPAGE LDS sample buffer + DTT (1:10) and 

heated at 70 °C for 10 minutes after which they were analysed by Western 

immunoblotting (section 2.5.2 & 2.5.3). 

 

2.7 Statistical analysis 

Statistical analysis was carried out using GraphPad Prism (Version 7). Statistical 

significance was indicated when p<0.05. Unpaired t-test was used to compare two 

conditions. One-way ANOVA with Dunnett’s test was used to compare a control 
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mean with the other means of more than two groups of individual treatments. One-

way ANOVA with Šídák test was used to compare selected pairs of means. 

 



 
 

 

 

 

 

 

 

 

 

Chapter 3 

Characterisation of mitophagy in SH-

SY5Y cells 
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3.0 Introduction 

Mitophagy is a tightly regulated process responsible for removal of damaged or 

superfluous mitochondria. It is characterised by mitochondrial depolarisation that 

leads to accumulation of PINK1 on the MOM and PINK1-dependent recruitment of 

Parkin, which is responsible for ubiquitination of mitochondrial proteins. This leads to 

LC3B labelling of depolarised mitochondria, marking them for autophagic engulfment 

(Narendra et al., 2008, Narendra et al., 2010b, Kim and Lemasters, 2011b). 

 

Autophagy is prevented under nutrient-rich conditions by mTORC1-mediated 

inhibition of the ULK1 complex (Russell et al., 2014). Release of mTORC1 in 

response to starvation leads to activation of the ULK1 complex and subsequent 

activation of the PIK3C3 complex that localises to the phagophore to generate 

PtdIns(3)P that are necessary for expansion of the membrane. Cytosolic LC3B is 

targeted to the isolation membrane by the ATG5-ATG12-ATG16L system where it is 

processed into LC3B-I and conjugated to PE to form the membrane bound LC3B-II 

(Kabeya et al., 2000, Mizushima et al., 2001, Fujita et al., 2008b). The ubiquitin 

binding protein p62 binds to ubiquitinated proteins destined for degradation and 

delivers them to the autophagosome by direct binding to LC3B, thereby being 

degraded itself as well (Pankiv et al., 2007). 

 

To date, it is unclear whether observed mitochondrial defects and damage in PD are 

the primary cause of pathogenesis or consequence of damaged neurons. However, the 

hypothesis that mitochondrial dysfunction may lie at the basis of PD is strengthened 

by the fact that many of the genes involved in familial forms of PD are related to 

mitochondria or their function. Mutations in either PARK2 or PINK1 have been linked 
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to autosomal recessive, juvenile parkinsonism (AR-JP) and both account for the 

majority of these cases, suggesting defects in mitophagy are implicated in the 

development of PD (Valente et al., 2004, Celardo et al., 2014). Therefore, it is 

important to utilise neuronal cell models in order to study mitophagy and 

consequences of defects in mitophagy. Neurons are a specialised cell type that are 

non-proliferating and need to survive for the lifetime of the organism. They produce 

high levels of ROS and are more vulnerable to oxidative stress compared to other cell 

types, indicating that it is important to prevent accumulation of oxidative damage by 

renewing their mitochondrial pool by means of mitophagy (Cui et al., 2004, Chinta 

and Andersen, 2008, Kageyama et al., 2012). Surprisingly, mitophagy is mostly 

studied in non-neuronal cell lines and obtained results might not reflect execution and 

regulation of mitophagy in neurons. HeLa cells, for example, are often used to study 

mitophagy, but do not express Parkin (Denison et al., 2003). 

 

A cell line often used to study PD mechanisms is SH-SY5Y, which represents a 

neuronal tumour cell line from a patient with neuroblastoma that expresses 

neurofilament proteins, shows specific uptake of norepinephrine (NE), and exhibits 

neuronal marker enzyme activity, including tyrosine and dopamine-β-hydroxylases 

(Xie et al., 2010). Furthermore, SH-SY5Y cells express dopamine transporter (DAT) 

that is only expressed in dopamine (DA) neurons in the central nervous system and 

they are able to synthesise DA and NE. Thus, SH-SY5Y cells are a more suitable cell 

model for investigation of mitophagy in relation to PD since they provide an unlimited 

supply of cells of human origin with similar characteristics to human DAergic neurons 

and will therefore be utilised in this study. 
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SH-SY5Y cells have been used to study mitophagy, but not much is known about how 

mitophagy is regulated in these cells. Both PINK and Parkin are expressed in SH-

SY5Y cells with a relatively high endogenous Parkin expression in contrast to other 

cells, hence there is no need to overexpress Parkin (Zhou et al., 2008). Induction of 

mitochondrial damage in SH-SY5Y cells by the mitochondrial uncoupler FCCP was 

shown to induce PINK1 accumulation, to increase ubiquitination of the mitochondrial 

marker TOM20 with TOM20 degradation upon prolonged mitochondrial damage, and 

to induce autophagosome formation as seen by LC3B-II accumulation (Gao et al., 

2015, Berezhnov et al., 2016, Ivankovic et al., 2016). Endogenous Parkin was 

recruited to mitochondria and mitochondria were found to be sequestered and cleared 

upon CCCP, a FCCP analogue, treatment (Geisler et al., 2010). The same group also 

showed interaction between PINK1 and Parkin upon CCCP treatment and VDAC1 

ubiquitination after mitochondrial depolarisation. p62 protein expression was 

significantly increased following induction of mitophagy and CCCP caused co-

localisation of p62 with TOM20 (Ivankovic et al., 2016).  

 

PINK1/Parkin-mediated mitophagy can be induced in SH-SY5Y cells and autophagy 

is involved in this process (Geisler et al., 2010, Gao et al., 2015, Berezhnov et al., 

2016, Ivankovic et al., 2016). The main aims of this chapter were to confirm that 

FCCP induces PINK1/Parkin-mediated mitophagy in SH-SY5Y cells and to 

investigate if autophagy was also activated. The effects of FCCP on the expression of 

different proteins involved in autophagy, as well as mitochondrial marker proteins, 

were investigated. Lastly, the effects of proteasomal inhibition on the expression of 

mitochondrial marker proteins was examined upon FCCP treatment since the 

ubiquitin-proteasome system (UPS) is known to be involved in mitophagy. 
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3.1 FCCP inhibits mTORC1 signalling and activates the Ras 

pathway 

SH-SY5Y cells were challenged with 5 µM of the chemical uncoupler FCCP for 

different time points to examine if FCCP induces autophagy in SH-SY5Y cells. 

Microscopic analysis revealed that cells were elongated and had lost their cytoplasmic 

inclusions at 4 hours of FCCP treatment, which did not change at 8 hours (Figure 

3.1.1). However, 16 hours of FCCP treatment resulted in cells that were rounded up 

and detached, while possible signs of apoptosis, namely presence of blebbing and 

small cells, were observed at 24 hours. 
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Figure 3.1.1. Prolonged FCCP incubation leads to detachment of SH-SY5Y cells. Prolonged 

incubation of SH-SY5Y cells with FCCP leads to cellular detachment and possibly apoptosis. 

SH-SY5Y cells were treated with 5 µM FCCP. Phase contrast images were taken at indicated 

time points using a Nikon TMS microscope, magnification = 10x. Data represents one out of a 

total of three experiments. 
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To confirm activation of the autophagy pathway upon FCCP treatment, activity of the 

mTORC1 pathway, which is the first step in autophagy activation, was determined 

(Russell et al., 2014). Autophagy is initiated by inhibition of mTORC1, which 

subsequently leads to activation of ULK1. Expression levels of p70 ribosomal S6 

kinase 1 (S6K1), a downstream target of mTORC1 responsible for protein synthesis, 

were analysed upon FCCP treatment to investigate if FCCP leads to mTORC1 

inhibition and therefore activation of autophagy (Laplante and Sabatini, 2009). 

 

A 5 µM FCCP time course showed that mTOR expression did not change over time, 

whereas both total and phosphorylated S6K1 expression decreased, indicating 

mTORC1 suppression on autophagy was lost (Figure 3.1.2 A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.2 (A). FCCP induces autophagy by mTORC1 inhibition. The mTORC1 pathway is 

inhibited in SH-SY5Y cells upon FCCP treatment, thereby activating autophagy. (A) SH-

SY5Y cells were treated with 5 µM FCCP for indicated time points. Protein lysates (20 µg) 

were probed for the mTORC1 signalling pathway related proteins mTOR, tS6K1, and pS6K1. 

β-actin was used as loading control. Data represents one out of a total of three independent 

experiments. 
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Densitometric analysis confirmed tS6K1 degradation by showing a significant 

decrease at 16 hours (p<0.001) and 24 hours (p<0.0001) of FCCP treatment (Figure 

3.1.2 B). Normalisation of pS6K1 to tS6K1 showed that pS6K1 was significantly 

increased at 16 hours (p<0.05), after which expression returned to basal levels at 24 

hours of FCCP treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.2 (B). FCCP induces autophagy by mTORC1 inhibition. mTOR and tS6K1 

densitometry normalised to corresponding β-actin levels and pS6K1 densitometry normalised 

to corresponding tS6K1 levels. Densitometric analysis was pooled from three independent 

experiments in panel A and data is shown as percentage of control. Error bars = SEM, one-

way ANOVA, *p<0.05, ***p<0.001, ****p<0.0001. 

 

Literature showed that decreased S6K1 activity upon mTORC1 inhibition led to 

disinhibition of insulin receptor substrate 1 (IRS-1), resulting in enhanced activity of 
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the extracellular signal-regulated kinases (ERK) pathway (Melemedjian et al., 2013). 

To investigate whether the ERK pathway was activated upon FCCP treatment, SH-

SY5Y cells were co-treated with 5 µM FCCP and 2 µM PD184352, an inhibitor of 

mitogen-activated protein kinase kinase (MEK), which is an upstream effector of 

ERK1/2. While FCCP and PD184352 treatment on their own did not result in 

morphologic changes of the cells, combined treatment led to condensed and detached 

cells showing early signs of apoptosis, suggesting SH-SY5Y cells rely on ERK1/2 

activity to be able to survive FCCP treatment (Figure 3.1.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.3. Inhibition of the MAPK/ERK pathway exacerbates FCCP-induced detachment 

of SH-SY5Y cells. Incubation with the mitogen-activated protein kinase (MAPK)/ERK 

pathway inhibitor PD184352 does not change SH-SY5Y cell morphology, but does induce a 

condensed cellular appearance and does increase cell detachment when co-treated with FCCP. 

SH-SY5Y cells were treated with either 5 µM FCCP, 2 µM PD184352, or both, for 16 hours. 

Phase contrast images were taken using a Nikon TMS microscope, magnification = 10x. Data 

represents one out of a total of three independent experiments. 
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Treatment of SH-SY5Y cells with FCCP led to decreased S6K1 phosphorylation, as 

seen previously (see Figure 3.1.2 A & B), indicating inhibition of mTORC1 signalling 

(Figure 3.1.4 A). It also led to increased ERK1/2 phosphorylation, showing that the 

ERK pathway was activated. This was confirmed by MEK inhibition by PD184352, 

which successfully supressed ERK1/2 and S6K1 phosphorylation when co-treated 

with FCCP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1.4 (A). FCCP activates the ERK pathway. FCCP inhibits mTORC1 signalling, 

shown by decreased pS6K1 phosphorylation, and thereby induces autophagy by activation of 

ERK1/2. The MAPK/ERK pathway inhibitor PD184352 abolishes S6K1 phosphorylation, as 

well as ERK1/2 phosphorylation, when co-treated with FCCP. SH-SY5Y cells were treated 

with either 5 µM FCCP, 2 µM PD184352, or both, for 16 hours. Protein lysates (20 µg) were 

probed for total and phosphorylated mTORC1 signalling pathway related proteins ERK1/2 

and S6K1. β-actin was used as loading control. Data represents one out of a total of three 

independent experiments. 

 

All treatments led to decreased tERK1/2 expression, but only PD184352 treatment 

was statistically significant (p<0.05) (Figure 3.1.4 B). FCCP treatment increased 

pERK1/2 expression (p<0.001), while co-treatment of FCCP and PD184352 led to a 
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significant decrease in pERK1/2 (p<0.0001), as well as pS6K1 (p<0.05), when 

compared to FCCP treatment on its own. pS6K1 expression was decreased upon the 

different treatments (FCCP p<0.001, PD184352 p<0.0001, FCCP + PD184352 

p<0.0001), whereas tS6K1 expression was unaffected. 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 3.1.4 (B). FCCP activates the ERK pathway. tERK1/2 and tS6K1 densitometry 

normalised to corresponding β-actin levels and pERK1/2 and pS6K1 densitometry normalised 

to corresponding tERK1/2 and tS6K1 levels. Densitometric analysis was pooled from three 

independent experiments in panel A and data is shown as percentage of control. Error bars = 

SEM, one-way ANOVA, *p<0.05, ***p<0.001, ****p<0.0001. 
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3.2 FCCP induces autophagy in SH-SY5Y cells 

After establishing FCCP inhibits mTORC1 signalling, the autophagic flux upon 5 µM 

FCCP treatment in SH-SY5Y cells was determined by monitoring the turnover of 

autophagy marker proteins. The mitophagy marker Parkin was degraded over time, 

whereas PINK1 expression did not increase substantially (Figure 3.2.1). The time 

course made evident that signs of induction of mitophagy on protein level, which are 

decreased Parkin and increased PINK1 expression, were most clear at 24 hours of 

FCCP treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.1. FCCP activates autophagy in SH-SY5Y cells. Autophagy is activated in SH-

SY5Y cells by FCCP. Co-treatment of SH-SY5Y cells with FCCP and the lysosomal inhibitor 

Baf A1 does not result in accumulation of mitophagy and autophagy related proteins. SH-

SY5Y cells were treated with either 5 µM FCCP, 100 nM Baf A1, or both, for indicated time 

points (Baf A1 24 hours only). Protein lysates (20 µg) were probed for mitophagy marker 

proteins Parkin and PINK1, and autophagy marker proteins ULK1, PIK3C3, p62, and LC3B. 

β-actin was used as loading control. Data represents one out of a total of three independent 

experiments. 
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Activation of autophagy by FCCP was further confirmed by decreased ULK1 

expression and increased LC3B-I to LC3B-II turnover. The upper band of PIK3C3 

was increased as well. Normally, p62 binds ubiquitinated cargo and delivers it to the 

autophagosome, thereby being degraded itself. Autophagic activity is therefore 

marked by decreased p62 levels. Unexpectedly, p62 expression increased after 16 

hours of FCCP treatment. Incubation with 100 nM of the lysosomal inhibitor 

Bafilomycin A1 (Baf A1), which is a potent inhibitor of the late phase of autophagy 

where it inhibits fusion between autophagosomes and lysosomes, thereby preventing 

the formation of the autolysosome, resulting in increased LC3B-II levels since its 

degradation is prevented (Yamamoto et al., 1998), further accumulated p62, as well as 

LC3B-II, ULK1, and PIK3C3, indicating autophagy was active. Combined treatment 

of FCCP and Baf A1 led to decreased expression of the immunoblotted proteins when 

compared to Baf A1 treatment.  

 

It has been reported that p62 can be synthesised de novo, therefore to address this, 

protein synthesis was inhibited in SH-SY5Y cells by the addition of cycloheximide 

(CHX) to see if p62 protein was synthesised following FCCP treatment. Cells treated 

with 10 µM CHX for 24 hours had somas that were shortened, whereas FCCP (5 µM) 

treated cells were rounded up, condensed, and detached, which are characteristics of 

apoptotic cell death (Figure 3.2.2). The observed FCCP phenotype was worsened by 

co-treatment with CHX. 
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Figure 3.2.2. Inhibition of protein synthesis changes morphology of SH-SY5Y cells. Prolonged 

incubation with the protein synthesis inhibitor CHX results in shortened SH-SY5Y cells, 

whereas FCCP treatment leads to rounded up, condensed, and detached cells. FCCP-induced 

effects on cell morphology are exacerbated by CHX. SH-SY5Y cells were treated with either 

5 µM FCCP, 10 µM CHX, or both, for 24 hours. Phase contrast images were taken using a 

Nikon TMS microscope, magnification = 10x. Data represents one out of a total of three 

independent experiments. 

 

Immunoblotting showed increased p62 expression upon FCCP treatment, which was 

inhibited by CHX, indicating FCCP induces de novo protein synthesis of p62 (Figure 

3.2.3 A). LC3B-II and VDAC1 were immunoblotted too and their FCCP-induced 

accumulation was not affected by protein synthesis inhibition. 
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Figure 3.2.3 (A). FCCP induces de novo protein synthesis of p62. Treatment of SH-SY5Y 

cells with FCCP induces de novo protein synthesis of p62. FCCP-mediated LC3B-II and 

VDAC1 accumulation is not affected by CHX treatment. SH-SY5Y cells were treated with 

either 5 µM FCCP, 10 µM CHX, or both, for 24 hours. Protein lysates (20 µg) were probed 

for autophagy marker proteins p62 and LC3B, and the mitochondrial marker protein VDAC1. 

β-actin was used as loading control. p62 and LC3B data represents one out of a total of three 

independent experiments, whereas VDAC1 data represents one out of a total of two 

independent experiments. 

 

Densitometry confirmed FCCP treatment increased p62 expression (p<0.0001), which 

was significantly decreased when cells were co-treated with CHX (p<0.0001) (Figure 

3.2.3 B). It also showed that FCCP treatment caused a significant (p<0.0001) increase 

in LC3B-II accumulation, which was not significantly affected by co-treatment of 

FCCP and CHX when results were normalised to corresponding β-actin expression. A 

significant increase in LC3B-II accumulation was also observed upon combined 

treatment of FCCP and CHX when compared to control (p<0.001) or CHX treatment 

(p<0.0001). The FCCP-induced increase in VDAC1 expression was not affected by 

co-treatment with CHX, suggesting VDAC1 could be recycled. 
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Figure 3.2.3 (B). FCCP induces de novo protein synthesis of p62. p62, LC3B-II, and VDAC1 

densitometry normalised to corresponding β-actin levels. Densitometric analysis was pooled 

from the independent experiments in panel A (three independent experiments for p62 and 

LC3B data and two independent experiments for VDAC1 data) and data is shown as 

percentage of control. Error bars = SEM, one-way ANOVA, ***p<0.001, ****p<0.0001. 
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The effects of FCCP on autophagy and mitochondria were also visualised by 

epifluorescence microscopy. SH-SY5Y cells were transfected with 4 µg GFP-LC3B 

and mitochondria were stained with TOM20. Cytosolic localisation of GFP-LC3B 

was indicated by green staining, whereas LC3B-positive autophagosomes were 

indicated by bright green puncta. Non-treated cells had few, if any, LC3B puncta 

while cells deprived of amino acids (EBSS treatment) over a 24 hour period showed 

an increase in LC3B puncta (Figure 3.2.4 A). Amino acid deprivation did not have a 

visual effect on TOM20 staining and no overlap of TOM20 staining and LC3B puncta 

was observed. 

 

Prevention of autophagic cargo degradation, which also prevents LC3B-II 

degradation, by Baf A1 (100 nM) resulted in increased LC3B-II-positive puncta 

formation that accumulated over time (Figure 3.2.4 B). Cytosolic staining of LC3B 

was less intense when more LC3B puncta were present, indicating cytosolic LC3B-I 

was converted to membrane-bound LC3B-II. Similar to amino acid deprivation, no 

visual effects on TOM20 staining and no overlap of TOM20 staining and LC3B 

puncta was seen. 

 

FCCP treatment (5 µM) led to an increased amount of LC3B puncta at each time 

point, with decreased cytosolic LC3B from 8 hours onwards (Figure 3.2.4 C). TOM20 

staining was disintegrated upon FCCP treatment, which was most clear at 24 hours, 

indicating that FCCP caused fragmentation of the mitochondrial network. LC3B 

puncta and mitochondrial TOM20 staining did not overlap. Inhibition of autophagic 

cargo degradation by Baf A1 did not affect FCCP-induced disintegration of TOM20 

staining or the amount of LC3B puncta (Figure 3.2.4 D). 
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Figure 3.2.4 (A). FCCP treatment fragments mitochondria and increases the amount of 

LC3B puncta. Amino acid deprivation of SH-SY5Y cells results in increased amount of LC3B 

puncta over time and does not have a visual effect on TOM20 staining. SH-SY5Y cells were 

transfected with 4 µg GFP-LC3B (green) and were starved in EBSS medium for indicated 

time points before fixation of the cells. Mitochondria were visualised by TOM20 staining 

(red) and nuclei are labelled with DAPI (blue). Data represents one experiment. Magnification 

= 60x, scale bar = 20 µm. 
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Figure 3.2.4 (B). FCCP treatment fragments mitochondria and increases the amount of LC3B 

puncta. Prevention of autophagic cargo degradation, which also prevents LC3B-II 

degradation, results in increased amount of LC3B puncta over time and does not have a visual 

effect on TOM20 staining. SH-SY5Y cells were transfected with 4 µg GFP-LC3B (green) and 

were treated with 100 nM Baf A1 for indicated time points before fixation of the cells. 

Mitochondria were visualised by TOM20 staining (red) and nuclei are labelled with DAPI 

(blue). Data represents one experiment. Magnification = 60x, scale bar = 20 µm. 
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Figure 3.2.4 (C). FCCP treatment fragments mitochondria and increases the amount of 

LC3B puncta. FCCP-induced mitochondrial damage results in disintegration of TOM20 

staining, suggesting mitochondrial fragmentation, and in increased amount of LC3B puncta 

over time, however, TOM20 staining and LC3B puncta do not overlap. SH-SY5Y cells were 

transfected with 4 µg GFP-LC3B (green) and were treated with 5 µM FCCP for indicated 

time points before fixation of the cells. Mitochondria were visualised by TOM20 staining 

(red) and nuclei are labelled with DAPI (blue). Data represents one experiment. Magnification 

= 60x, scale bar = 20 µm. 
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Figure 3.2.4 (D). FCCP treatment fragments mitochondria and increases the amount of 

LC3B puncta. Prevention of autophagic cargo degradation by Baf A1 does not have an 

additive effect on FCCP-induced disintegration of TOM20 staining or increased amount of 

LC3B puncta. TOM20 staining and LC3B puncta do not overlap. SH-SY5Y cells were 

transfected with 4 µg GFP-LC3B (green) and were treated with 5 µM FCCP + 100 nM Baf 

A1 for indicated time points before fixation of the cells. Mitochondria were visualised by 

TOM20 staining (red) and nuclei are labelled with DAPI (blue). Data represents one 

experiment. Magnification = 60x, scale bar = 20 µm. 
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To clarify that the ultimate fate of SH-SY5Y cells upon FCCP treatment was not 

condensed, small, and detached cells, SH-SY5Y cells were allowed to recover from 

FCCP treatment. SH-SY5Y cells were treated with 5 µM FCCP for either 4 or 16 

hours and were given a 30 or 90 minutes recovery period after removal of the FCCP. 

Cells that were treated for 4 hours were elongated, whereas a 16 hour treatment led to 

increased amounts of small, condensed, and detached cells that was observed after 

both recovery periods (data not shown). 

 

When SH-SY5Y cells were treated with FCCP for 4 hours, reduced Parkin expression 

and increased PINK1 expression were observed after both recovery periods of 30 and 

90 minutes, showing mitophagy was still induced (Figure 3.2.5). Four hour treated 

cells did not have increased p62 expression (upper band, see arrow), which was seen 

at 16 hours of FCCP treatment. LC3B-I was converted in LC3B-II upon FCCP 

treatment, but LC3B turnover was decreased after 30 minutes of recovery and 

returned to control conditions after a 90 minute recovery period, indicating that while 

mitophagy was still active after depletion of FCCP, autophagic activity restored to 

basal conditions. Parkin expression was completely absent when cells were treated for 

16 hours, which did not change after both recovery periods, whereas PINK1 

expression decreased after recovery. p62 expression was increased and LC3B-II 

accumulated, but LC3B-II levels did not decrease to basal levels, suggesting 

autophagy cannot be halted after a 16 hour period of FCCP treatment. 
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Figure 3.2.5. Autophagic activity is restored when SH-SY5Y cells are allowed to recover after 

a 4 hour, but not after a 16 hour, FCCP incubation period. SH-SY5Y cells showed signs of 

restored autophagic, but not mitophagic, activity after being allowed to recover following a 4 

hour FCCP treatment, but not after a 16 hour FCCP treatment. SH-SY5Y cells were treated 

with 5 µM FCCP for either 4 or 16 hours after which cells were washed and were allowed to 

recover for either 30 or 90 minutes before lysis. Protein lysates (20 µg) were probed for 

mitophagy marker proteins Parkin and PINK1, and autophagy marker proteins p62 and LC3B. 

β-actin was used as loading control. Data represents one out of a total of four independent 

experiments. 

 

3.3 FCCP induces mitophagy in SH-SY5Y cells 

As shown in the previous section, decreased Parkin and increased PINK1 expression 

were observed in SH-SY5Y cells after 24 hours of 5 µM FCCP treatment (Figure 

3.3.1 A). LC3B-I to LC3B-II conversion, which indicated induction of 

autophagosome formation, was also observed. Inhibition of fusion between 

autophagosomes and lysosomes by 100 nM Baf A1 led to LC3B-II accumulation as 

expected, but did not affect Parkin or PINK1 expression in SH-SY5Y cells. 
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Figure 3.3.1 (A). FCCP induces mitophagy in SH-SY5Y cells. FCCP induces mitophagy in 

SH-SY5Y cells, seen by decreased Parkin and increased PINK1 expression, which is not 

affected by inhibition of autophagosome degradation. SH-SY5Y cells were treated with either 

5 µM FCCP, 100 nM Baf A1, or both, for 24 hours. Protein lysates (20 µg) were probed for 

mitophagy marker proteins Parkin and PINK1 and the autophagy marker protein LC3B. β-

actin was used as loading control. Data represents one out of a total of three independent 

experiments. 

 

FCCP led to a significant decrease in Parkin expression (p<0.0001) and this was not 

affected by combined treatment with Baf A1 (p<0.0001) (Figure 3.3.1 B). Parkin 

expression was significantly degraded upon co-treatment of FCCP and Baf A1 

(p<0.001) when compared to Baf A1 treatment. Baf A1 treatment led to PINK1 

degradation when compared to control (p<0.05) or combined treatment of FCCP and 

Baf A1 (p<0.01). LC3B-II accumulation was observed upon all treatments (FCCP 

p<0.001, Baf A1 p<0.0001, FCCP + Baf A1 p<0.001). 
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Figure 3.3.1 (B). FCCP induces mitophagy in SH-SY5Y cells. Parkin, PINK1, and LC3B-II 

densitometry normalised to corresponding β-actin levels. Densitometric analysis was pooled 

from the three independent experiments in panel A and data is shown as percentage of control. 

Error bars = SEM, one-way ANOVA, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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RT-qPCR revealed both Parkin and PINK1 mRNA expression were increased upon 

FCCP treatment (Figure 3.3.1 C). A time course showed that mRNA expression 

increased over time, however, a decrease in mRNA expression was seen at 16 hours 

of FCCP treatment, after which mRNA expression increased even further. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.1 (C). FCCP induces mitophagy in SH-SY5Y cells. Induction of mitophagy is 

concomitant with increased Parkin and PINK1 mRNA expression. SH-SY5Y cells were 

treated with 5 µM FCCP for indicated time points after which RNA was isolated. Parkin and 

PINK1 mRNA expression levels were normalised to the housekeeping gene 18s and are 

depicted as fold increase (2^-ΔΔCt). Data represents one experiment. 

 

Mitophagy is not only characterised by decreased Parkin and PINK1 accumulation, 

but also by degradation of mitochondrial marker proteins. To determine the extent of 

mitochondrial degradation, SH-SY5Y cells were treated with 5 µM FCCP for 

different time points. FCCP treatment led to degradation of mitochondrial markers 

TOM20 and TIM23 over time, with TIM23 showing the greatest decrease (Figure 

3.3.2 A). The mitochondrial marker VDAC1, on the other hand, showed increased 

expression at 24 hours of FCCP treatment despite being degraded at earlier time 

points. 
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Figure 3.3.2 (A). SH-SY5Y cells show degradation of mitochondrial markers upon FCCP 

treatment. Treatment of SH-SY5Y cells with FCCP causes degradation of the mitochondrial 

markers TOM20, TIM23, and VDAC1 over time, although VDAC1 expression increased at 

24 hours of treatment. SH-SY5Y cells were treated with 5 µM FCCP for indicated time 

points. Protein lysates (20 µg) were probed for mitochondrial marker proteins TOM20, 

TIM23, and VDAC1. β-actin was used as loading control. Data represents one out of a total of 

three independent experiments. 

 

Densitometric analysis confirmed that TIM23 (p<0.01 at 4 hours, p<0.001 at 8 and 16 

hours, and p<0.05 at 24 hours) was decreased upon FCCP treatment (Figure 3.3.2 B). 

It also showed that TOM20 expression was increased at 16 and 24 hours of FCCP 

treatment, which was likely caused by smearing of the protein bands (see Figure 3.3.2 

A). Nevertheless, TIM23, although significantly decreased compared to control 

(p<0.05), was increased after 24 hours of FCCP treatment too and diffuse protein 

bands were not observed on the immunoblot (Figure 3.3.2 B). VDAC1 was 

significantly increased at 24 hours of FCCP treatment (p<0.001), suggesting VDAC1 

could either be recycled or synthesised. 
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Figure 3.3.2 (B). SH-SY5Y cells show degradation of mitochondrial markers upon FCCP 

treatment. TOM20, TIM23, and VDAC1 densitometry normalised to corresponding β-actin 

levels. Densitometric analysis was pooled from the three independent experiments in panel A 

and data is shown as percentage of control. Error bars = SEM, one-way ANOVA, *p<0.05, 

**p<0.01, ***p<0.001. 
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3.4 Proteasomal inhibition prevents FCCP-induced Parkin 

degradation and mitophagy 

After establishing FCCP activated mitophagy in SH-SY5Y cells, the involvement of 

proteasomal degradation during mitophagy was investigated. Parkin, an E3 ubiquitin 

ligase, is responsible for ubiquitination of proteins on the MOM during mitophagy, as 

well as for the activation of the ubiquitin-proteasome system (UPS), suggesting 

proteins ubiquitinated by Parkin could be proteasomally degraded instead of via the 

autophagic pathway (Narendra et al., 2010a, Chan et al., 2011).  

 

To examine if mitochondrial proteins are proteasomally degraded when cells are 

undergoing mitophagy, early (E) and late (L) passage SH-SY5Y cells were challenged 

with 20 µM of the proteasome inhibitor MG132. As shown in previous sections, 

FCCP treatment led to degradation of Parkin and the mitochondrial markers TOM20 

and TIM23, as well as activation of autophagy seen by increased LC3B turnover and 

de novo synthesis of p62 (Figure 3.4.1 A). Proteasomal inhibition led to a further 

accumulation of both LC3B-II, which could result from upregulation of autophagy as 

a response to increased levels of ubiquitinated proteins, and p62, which, apart from 

being degraded by the autophagic pathway, can be proteasomally degraded as well 

(Song et al., 2016). Proteasomal inhibition also increased the expression of TOM20, 

TIM23, and VDAC1. When co-treated with FCCP, degradation of Parkin was 

prevented by proteasomal inhibition, with FCCP-induced mitophagy being inhibited 

as a consequence. PINK1 was immunoblotted too but did not result in any detectable 

signal. 
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Figure 3.4.1 (A). Inhibition of the proteasome prevents FCCP-induced degradation of Parkin 

and mitophagy. Proteasomal inhibition leads to LC3B-II accumulation, increases p62, 

TOM20, TIM23, and VDAC1 expression and also prevents FCCP-induced Parkin 

degradation, leading to inhibition of mitophagy. Early (E) and late (L) passage SH-SY5Y 

cells were treated with either 5 µM FCCP, 20 µM MG132, or both, for 24 hours. Protein 

lysates (20 µg) were probed for mitophagy marker proteins Parkin and PINK1, autophagy 

marker proteins p62 and LC3B, and mitochondrial marker proteins TOM20, TIM23, and 

VDAC1. β-actin was used as loading control. Data represents one out of a total of three 

independent experiments. 

 

Densitometry showed that TOM20 (early = p<0.01, late = p<0.05) was significantly 

degraded upon FCCP treatment (Figure 3.4.1 B). Proteasomal inhibition increased 

expression of TIM23 (early = p<0.05), suggesting it was proteasomally degraded 

under basal conditions. Induction of mitophagy upon proteasomal inhibition resulted 

in increased expression of TOM20 (late = p<0.05), TIM23 (early = p<0.05), and 
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VDAC1 (early = p<0.05, late = p<0.01) when compared to control. The significant 

increased TOM20 (early = p<0.05, late = p<0.001), TIM23 (early = p<0.001, late = 

p<0.05) and VDAC1 (early = p<0.001, late = p<0.01) expression when FCCP and 

co-treatment of FCCP with MG132 were compared indicates that the proteasome is 

involved in their degradation upon FCCP-induced damage. 
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Figure 3.4.1 (B). Inhibition of the proteasome prevents FCCP-induced degradation of Parkin 

and mitophagy. Densitometry of TOM20, TIM23, and VDAC1 normalised to corresponding 

β-actin levels. Densitometric analysis was pooled from three independent experiments in 

panel A and data is shown as percentage of control. Error bars = SEM, one-way ANOVA, 

*p<0.05, **p<0.01, ***p<0.001. 
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3.5 Discussion 

This study demonstrates that the mitochondrial uncoupler FCCP is capable of 

activating autophagy in SH-SY5Y cells, which is an event that has been observed in 

several cell lines (Sandoval et al., 2008, Ma et al., 2011). Activation of autophagy by 

FCCP was established by examination of mTORC1 signalling. Inhibition of the 

mTORC1 complex is the first step in the induction of canonical autophagy and leads 

to activation of ULK1 (Russell et al., 2014). mTORC1 inhibition upon FCCP 

treatment was confirmed by decreased levels of phosphorylated S6K1 (Figure 3.1.2 A 

& B), another downstream target of mTORC1 responsible for protein synthesis, and 

increased phosphorylation of ERK1/2 (Esclatine et al., 2009, Laplante and Sabatini, 

2009, Chen et al., 2013, Melemedjian et al., 2013) (Figure 3.1.4 A & B). The effect of 

PD184352 on mitophagy was not explored, but induction of ERK1/2 phosphorylation 

was inhibited by FCCP, suggesting that induction of mitochondrial damage activates 

the Ras pathway while concomitantly inhibiting the mTORC1 pathway, leading to 

activation of canonical autophagy processes. Literature confirmed involvement of the 

ERK signalling pathway in mitophagy since inhibition of MEK, the upstream kinase 

of ERK, blocked degradation of membrane proteins and mitochondrial matrix upon 

MPP+ poisoning in SH-SY5Y cells (Zhu et al., 2007).  

 

Activation of autophagy was further confirmed by measuring the autophagic flux 

upon FCCP treatment. Autophagic flux can be measured by fluctuations in p62 

expression and LC3B-II accumulation, whereby decreased p62 expression and 

increased conversion of LC3B-I to LC3B-II indicate activation of autophagy. FCCP 

treatment gave rise to increased LC3B turnover, but also increased, as opposed to 

decreased, p62 expression (Figure 3.2.1). p62 binds to ubiquitinated proteins and 
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brings them into the autophagosome by binding directly to LC3B, leading to p62 

degradation when autophagy is activated (Pankiv et al., 2007). Increased p62 

expression would therefore suggest a blockade of autophagy. Obstruction of the late 

phase of autophagy by preventing fusion between autophagosomes and lysosomes by 

Baf A1 showed a further increase in p62 levels (as well as LC3B-II), indicating 

autophagy was not inhibited. Inhibition of protein synthesis by CHX showed that 

FCCP caused de novo synthesis of p62, suggesting increased amounts of p62 could be 

needed to keep up with the increasing demand of removal of ubiquitinated proteins 

(Figure 3.2.3 A & B). These observations were supported by a recently published 

study showing that treatment of SH-SY5Y cells with CCCP for 18 hours resulted in 

increased p62 mRNA and protein expression levels, which led the authors to propose 

that increased p62 protein levels were observed because of de novo protein expression 

rather than inhibition of autophagy (Ivankovic et al., 2016), which is in agreement 

with the data presented herein. 

 

Mitophagy, which is the selective removal of superfluous and damaged mitochondria 

(Narendra et al., 2010b), was induced by FCCP in SH-SY5Y cells also. One of the 

characteristics of mitophagy is decreased Parkin and increased PINK1 expression, 

which was induced by FCCP-mediated mitochondrial depolarisation in SH-SY5Y 

cells (Figure 3.3.1 A & B). FCCP treatment led to degradation of the mitochondrial 

markers TOM20, TIM23, and VDAC1, showing mitophagy was successfully induced 

(Figure 3.3.2 A & B). Visualisation of the mitochondrial network indicated that FCCP 

caused mitochondrial fragmentation and increased LC3B puncta formation that 

represent autophagosomes (Figure 3.2.4 C), which was reported previously (Legros et 

al., 2002, Cereghetti et al., 2010, Geisler et al., 2010, Cheng et al., 2016). LC3B 
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puncta and mitochondrial TOM20 staining did not overlap, suggesting that damaged 

mitochondria were not present inside autophagosomes or that TOM20 is already 

recycled before damaged mitochondria enter into autophagosomes. Chan and 

colleagues demonstrated that autophagy-deficient Parkin-expressing ATG3-null MEF 

failed to undergo mitophagy, but that cells still showed loss of TOM20 staining (Chan 

et al., 2011), which is in agreement with the data presented in this chapter. 

 

Induction of autophagy and especially increase in LC3B puncta upon FCCP treatment 

suggests autophagy plays a considerable part in successful implementation of 

mitophagy. However, proteasomal inhibition in SH-SY5Y cells prevented Parkin 

degradation and inhibited FCCP-induced degradation of the mitochondrial markers 

TOM20, TIM23, and VDAC1 (Figure 3.4.1 A & B). Literature confirmed that 

inhibition of the ubiquitin-proteasome system (UPS) in SH-SY5Y cells completely 

abrogated mitophagy, showing the importance of proteasomal degradation when it 

comes to mitochondrial degradation (Chan et al., 2011). In addition, CCCP-mediated 

degradation of proteins on the MOM (among others TOM20) in autophagy defective 

MEFs was blocked by addition of the proteasomal inhibitors epoxomicin (Chan et al., 

2011) or lactacystin (Yoshii et al., 2011).  
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4.0 Introduction 

The majority of mitophagy related research has been focussed on regulation of PINK1 

and Parkin, and not autophagy related proteins, during mitophagy. Autophagy can 

begin following inhibition of mTORC1, leading to de-repression and the release of 

ULK1 from the mTORC1 inhibitory complex, leading to the subsequent activation of 

the PIK3C3 complex, which is required for nucleation of the autophagosome 

membrane (Russell et al., 2014). Processing of cytosolic LC3B into LC3B-I and 

conjugation of PE to form the membrane bound LC3B-II marks one of the final stages 

of autophagy. 

 

ULK1 is a serine/threonine protein kinase that plays a key role in the induction of 

canonical autophagy (Russell et al., 2014). ULK1 is repressed by mTORC1 by means 

of phosphorylation during nutrient-rich conditions, whereas starvation leads to 

dissociation of mTORC1 from the ULK1 complex (consisting of ULK1, ULK2, 

FIP200, ATG13, and ATG101), leading to dephosphorylation of ULK1 and trans-

phosphorylation of ATG13 and FIP200, which results in activation of the ULK1 

complex (Hara et al., 2008, Ganley et al., 2009, Hosokawa et al., 2009a, Hosokawa et 

al., 2009b, Jung et al., 2009, Mercer et al., 2009). Blocking ULK1 activity effectively 

inhibits canonical autophagy, illustrating its importance for autophagy (Chan et al., 

2007, Ganley et al., 2009, Jung et al., 2009). Nevertheless, it was also found that 

LC3B conversion following starvation was not affected in ULK1-deficient MEF 

(Kundu et al., 2008, Cheong et al., 2011, Lee and Tournier, 2011). Further research 

showed that combined deletion of ULK1 and ULK2 inhibited the autophagy response 

to nutrient starvation and that mice deficient for both ULK1 and ULK2 died shortly 

after birth, whereas mice deficient in either one of these genes were viable and did not 
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show any obvious developmental defects, suggesting ULK2 can compensate loss of 

ULK1 (Kundu et al., 2008, Cheong et al., 2011, Lee and Tournier, 2011). 

 

After its activation, ULK1 phosphorylates Beclin1, which is together with hVps15, 

UVRAG, and ATG14L part of the PIK3C3 (class III phosphatidylinositol (PtdIns) 3-

kinase) complex (Kim et al., 2013, Russell et al., 2013, Russell et al., 2014). While 

this complex is normally tethered to the cytoskeleton, phosphorylation of AMBRA1 

through ULK1 localises it to the phagophore (Di Bartolomeo et al., 2010, Itakura and 

Mizushima, 2010, Matsunaga et al., 2010, Fan et al., 2011). The PIK3C3 complex is 

responsible for phosphorylation of PtdIns to PtdIns(3)P, thereby generating the lipid 

signal necessary for autophagosome biogenesis, which can be differentially regulated 

at different points in the autophagy pathway depending on proteins recruited by 

Beclin1 (Petiot et al., 2000, He and Levine, 2010, Wirth et al., 2013). The two main 

complexes involve either ATG14L or UVRAG, but Beclin1 was also found to interact 

with several other co-factors including Rubicon, Bif-1, or ROCK1, that are all 

involved in regulating PIK3C3 complex activity (Liang et al., 2006, Takahashi et al., 

2007, Matsunaga et al., 2009, Zhong et al., 2009, Gurkar et al., 2013). ATG14L can 

induce autophagosome formation by upregulating PIK3C3 activity (Matsunaga et al., 

2009, Zhong et al., 2009), whereas UVRAG can promote both autophagosome 

biogenesis and maturation (Liang et al., 2006, Liang et al., 2008). ATG14L and 

UVRAG bind directly to Beclin1 while Rubicon inhibits and Bif-1 stimulates PIK3C3 

activity by interacting with Beclin1 through UVRAG (Takahashi et al., 2007, 

Matsunaga et al., 2009, Zhong et al., 2009). 
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It is known that ULK1 is also involved in the selective clearing of mitochondria 

during maturation of reticulocytes since ULK1-knockout mice showed defects in this 

process (Kundu et al., 2008). Involvement of ULK1 in mitochondrial clearance is 

implicated in MEF as well, showing that this is not restricted to reticulocytes (Itakura 

et al., 2012). More importantly, MEF deficient in FIP200 or MEF with reduced 

ATG13 activity, which are both part of the ULK1 complex, showed no activation of 

autophagy following starvation, however, they were still able to show a reduced rate 

of LC3B lipidation upon induction of mitochondrial damage by the mitochondrial 

proton gradient uncoupler CCCP, suggesting that non-canonical autophagy could have 

been activated (Chen et al., 2013). 

 

The PIK3C3 complex was also reported to be dispensable for photodamage-induced 

mitophagy in hepatocytes (Kim and Lemasters, 2011b). Phosphoinositide 3-kinase 

(PI3K) inhibitors successfully blocked sequestration of mitochondria during 

starvation, but not upon photodamage-induced mitophagy. Furthermore, knockdown 

of either Beclin1 or its partner ATG14L did not diminish LC3B puncta formation or 

LC3B turnover (Chen et al., 2013). This is particularly interesting since Beclin1 was 

shown to interact with both Parkin and PINK1. Interaction between full-length PINK1 

and Beclin1 significantly enhanced basal and starvation-induced autophagy, which 

was reduced by knocking down either Beclin1 or PIK3C3 expression (Michiorri et al., 

2010). Loss of Beclin1 led to inhibition of CCCP-induced Parkin translocation to 

mitochondria and prevented Parkin-mediated mitophagy (Choubey et al., 2014). 

 

Both LC3B and p62 are implicated in mitophagy, with LC3B being involved in the 

clearance of damaged mitochondria since it was shown that nutrient deprivation, as 
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well as mitochondrial depolarisation by photo irradiation, led to LC3B-labelled 

autophagosomes containing mitochondria (Kim and Lemasters, 2011a, Kim and 

Lemasters, 2011b). p62 was linked to mitophagy too, however, its requirement for 

effective execution of mitophagy is still unclear and further research is needed. On 

one hand, p62 knockdown was reported to significantly decrease mitochondrial 

clearance (Ding et al., 2010, Geisler et al., 2010, Lee et al., 2010), while on the other 

hand no changes in mitophagy were observed in p62-knockout cells (Narendra et al., 

2010b, Okatsu et al., 2010). 

 

Current research hints that CCCP-mediated mitochondrial damage and subsequent 

mitochondrial clearance might not completely depend on the autophagy pathway, or at 

least not on the canonical pathway. However, more research on this topic is needed, 

especially in a neuronal setting since that has been barely investigated. Therefore, 

involvement of the ULK1 and PIK3C3 complexes in FCCP-induced mitophagy in 

SH-SY5Y cells will be utilised. The effects of ULK1 or PIK3C3 inhibition on PINK1 

and Parkin expression, as well as degradation of the mitochondrial markers TOM20, 

TIM23, and VDAC1, were analysed upon co-treatment with FCCP. 
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4.1 SH-SY5Y cells do not respond to different modulators of 

autophagy 

SH-SY5Y cells were treated with different activators (rapamycin (Rap), EBSS) and 

different inhibitors (chloroquine (CQ), the effects of Baf A1 were shown in Chapter 3) 

of autophagy alongside FCCP for 24 hours to see their effects on expression levels of 

autophagy related proteins. Treatment with 5 µM FCCP led to decreased Parkin and 

increased PINK1 expression, concomitant with LC3B-II accumulation and de novo 

synthesis of p62, indicating induction of autophagy and mitophagy (Figure 4.1.1 A; 

see Chapter 3). Rapamycin treatment (0.1 µM), which relieves cells from mTORC1 

inhibition and thereby activates autophagy, did not result in changes in expression 

levels of immunoblotted mitophagy and autophagy marker proteins. Amino acid 

deprivation by EBSS showed increased Parkin and PIK3C3 expression. Degradation 

of p62 suggests autophagic activity, but since neither LC3B-I nor LC3B-II were 

detected, it is not known if this was accompanied by increased LC3B turnover. 

Inhibition of autophagy by 5 µM CQ, which prevents lysosomal protein degradation 

and fusion of autophagosomes with lysosomes by raising the lysosomal pH, led to a 

small decrease in Parkin expression and possibly an increase in PINK1 expression, 

suggesting that it could lead to induction of mitophagy, but did not result in increased 

p62 expression or LC3B-II accumulation. Collectively, these results suggest that SH-

SY5Y cells do not respond to the used activators and inhibitors of autophagy in the 

classical way. 

 

 

 

 



113 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.1 (A). SH-SY5Y cells do not show signs of autophagic activity or inhibition upon 

treatment with different autophagy activators and an inhibitor. When treated with autophagic 

activators (rapamycin (Rap), EBSS) or an inhibitor (CQ), SH-SY5Y cells do not show 

classical signs of autophagic activation or inhibition on protein level, whereas FCCP 

treatment leads to activation of autophagy and mitophagy. SH-SY5Y cells were treated with 

either 0.1 µM rapamycin, 5 µM CQ, 5 µM FCCP, or were starved with EBSS, for 24 hours. 

Protein lysates (20 µg) were probed for mitophagy marker proteins Parkin and PINK1, and 

autophagy marker proteins ULK1, PIK3C3, p62, and LC3B. β-actin was used as loading 

control. Data represents one out of a total of three independent experiments. 

 

Densitometry showed that when protein expression levels were normalised to 

corresponding β-actin expression, rapamycin (p<0.05) and EBSS (p<0.05) treatment 

led to p62 degradation, but that this was not accompanied by LC3B-II accumulation 
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(Figure 4.1.1 B). FCCP induced de novo protein synthesis of p62 (p<0.001) and it 

also led to accumulation of LC3B-II (p<0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.1 (B). SH-SY5Y cells do not show signs of autophagic activity or inhibition upon 

treatment with different autophagy activators and an inhibitor. p62 and LC3B-II densitometry 

normalised to corresponding β-actin levels. Densitometric analysis was pooled from three 

independent experiments in panel A and data is shown as percentage of control. Error bars = 

SEM, one-way ANOVA, *p<0.05, ***p<0.001. 
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4.2 ULK1 inhibition induces PINK1 expression and Parkin 

degradation 

The first step in activation of canonical autophagy is inhibition of the mTORC1 

complex (Russell et al., 2014). Under nutrient-rich conditions, the mTORC1 complex 

binds to and inhibits the ULK1 complex that regulates the downstream autophagy 

initiation machinery. mTORC1 inhibition leads to dissociation and therefore 

activation of ULK1, marking the next step in canonical autophagy. To investigate the 

effects of ULK1 inhibition on mitophagy induction and FCCP-mediated removal of 

mitochondrial markers, SH-SY5Y cells were challenged with 10 µM of a small 

molecule inhibitor of ULK1 (iULK1) for 24 hours. ULK1 inhibition did not result in 

increased ULK1 expression, which has been observed previously (unpublished data 

from Ewelina Rozycka, see Appendix I) (Figure 4.2.1 A). In non-neuronal cells, 

inhibition of ULK1 usually leads to accumulation of p62 and LC3B-II, indicating a 

blockade of autophagy (Appendix II). Conversely, in SH-SY5Y cells, ULK1 

inhibition induced p62 and LC3B-II degradation. It also resulted in loss of PIK3C3 

expression, which could indicate a disruption of the PIK3C3 complex. Increased 

PINK1 expression and Parkin degradation suggests mitophagy was induced, however, 

VDAC1 expression was increased. Inhibition of ULK1 during FCCP induced 

mitophagy did not affect Parkin degradation or PINK1 expression, but it did further 

promote the degradation of p62, which normally accumulates during FCCP treatment, 

and VDAC1, as well as causing accumulation of LC3B-II, implicating inhibition of 

canonical autophagy.  
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Figure 4.2.1 (A). ULK1 inhibition induces PINK1 expression and Parkin degradation. 

Inhibition of ULK1 with a small molecule inhibitor (iULK1) increases PINK1 expression, 

leads to Parkin degradation and does not affect Parkin degradation or PINK1 expression upon 

co-treatment with FCCP. ULK1 inhibition does not induce p62 and LC3B-II accumulation as 

seen in non-neuronal cells and promotes further degradation of p62 and causes LC3B-II 

accumulation when combined with FCCP. (A) SH-SY5Y cells were treated with either 5 µM 

FCCP, 10 µM iULK1, or both, for 24 hours. Protein lysates (20 µg) were probed for 

mitophagy marker proteins Parkin and PINK1, autophagy marker proteins ULK1, PIK3C3, 

p62, LC3B, and the mitochondrial marker protein VDAC1. β-actin was used as loading 

control. Data represents one out of a total of three independent experiments. 
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All treatments resulted in a significant decrease in Parkin expression (p<0.001) 

(Figure 4.2.1 B). FCCP-induced de novo expression of p62 (p<0.0001) was abolished 

when ULK1 was inhibited simultaneously (p<0.0001). iULK1 treatment led to 

decreased p62 expression (p<0.01), regardless of addition of FCCP (p<0.05). LC3B-

II accumulation was increased upon FCCP treatment (p<0.0001) and increased further 

when ULK1 was inhibited too (p<0.0001), which is suggestive for autophagic 

inhibition. Combined treatment of FCCP and iULK1 also led to LC3B-II 

accumulation when compared with either FCCP (p<0.0001) or iULK1 (p<0.0001) 

treatment. VDAC1 expression was increased upon ULK1 inhibition (p<0.05), while it 

was significantly decreased upon co-treatment with FCCP (p<0.01). 
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Figure 4.2.1 (B). ULK1 inhibition induces PINK1 expression and Parkin degradation. Parkin, 

p62, LC3B-II, and VDAC1 densitometry normalised to corresponding β-actin levels. 

Densitometric analysis was pooled from three independent experiments in panel A and data is 

shown as percentage of control. Error bars = SEM, one-way ANOVA, *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 

 

A time course of co-treatment of iULK1 and FCCP showed that besides increased 

Parkin expression and increased conversion of LC3B-I to LC3B-II, there were no 

changes in expression levels of the immunoblotted proteins in the first 8 hours of 

treatment (Figure 4.2.2 A). Decreased Parkin and increased PINK1 expression was 

observed at 16 hours of treatment, indicating that mitophagy could be activated, 

however, increased VDAC1 expression suggests mitochondria were not degraded. 

LC3B-II accumulation was increased even further from 16 hours of treatment 
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onwards, likely indicating an autophagic blockade. p62 expression increased at 4 and 

8 hours of treatment, but returned to basal levels at later time points. Decrease in p62, 

ULK1, and PIK3C3 expression at 24 hours of treatment was not as clear as seen 

previously (see Figure 4.2.1 A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.2 (A). FCCP-induced Parkin degradation and PINK1 accumulation are not 

affected by ULK1 inhibition. Parkin degradation and PINK1 accumulation are induced over 

time upon combined treatment of FCCP and an ULK1 inhibitor (iULK1), which also leads to 

increased VDAC1 expression. LC3B-II accumulation from 16 hours onwards could indicate 

that autophagy is blocked. (A) SH-SY5Y cells were treated with 5 µM FCCP and 10 µM 

iULK1 for indicated time points. Protein lysates (20 µg) were probed for mitophagy marker 

proteins Parkin and PINK1, autophagy marker proteins ULK1, PIK3C3, p62, and LC3B, and 

the mitochondrial marker protein VDAC1. β-actin was used as loading control. Data 

represents one out of a total of three independent experiments. 
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Contrary to previous obtained results (see Figure 4.2.1 B), densitometry showed that 

p62 was not degraded and VDAC1 was significantly increased at all time points (2 

and 24 hours p<0.01, 4 hours p<0.0001, 8 and 16 hours p<0.001) of FCCP and 

iULK1 treatment (Figure 4.2.2 B). LC3B-II accumulation showed a continues 

significant increase over time (2 hours p<0.05, 4 hours p<0.001, 8, 16 and 24 hours 

p<0.0001) with its peak at 16 hours of treatment. Parkin expression was decreased, 

which was statistically significant at 24 hours of treatment (p<0.05). 
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Figure 4.2.2 (B). FCCP-induced Parkin degradation and PINK1 accumulation are not 

affected by ULK1 inhibition. p62, LC3B-II, PINK1, Parkin, and VDAC1 densitometry 

normalised to corresponding β-actin levels. Densitometric analysis was pooled from three 

independent experiments in panel A and data is shown as percentage of control. Error bars = 

SEM, one-way ANOVA, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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The observation that ULK1 inhibition resulted in decreased Parkin and increased 

PINK1 expression suggested that inhibiting ULK1 may mimic damage to 

mitochondria and induce mitophagy. Thus, mitochondria were visualised by TOM20 

staining to examine their morphology. A FCCP time course (5 µM) led, as shown in 

Chapter 3, to dispersed TOM20 staining that progressed over time, indicating 

mitochondrial fragmentation (Figure 4.2.3). ULK1 inhibition (10 µM) resulted in 

dispersed TOM20 staining too, however, TOM20 stained mitochondrial fragments 

appeared to be larger compared to FCCP treated cells (Figure 4.2.4). Mitochondrial 

fragmentation was also observed when SH-SY5Y cells were co-treated with FCCP 

and iULK1 (Figure 4.2.5). Enlarged images of TOM20 staining at 2 hours of FCCP, 

iULK1, or combined treatment of FCCP and iULK1, are shown in Figure 4.2.6. 
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Figure 4.2.3. FCCP induces mitochondrial fragmentation. FCCP induces mitochondrial 

fragmentation in SH-SY5Y cells as seen by dispersed TOM20 staining. The amount of 

mitochondrial fragmentation increases the longer cells have been treated. SH-SY5Y cells 

were treated with 5 µM FCCP for indicated time points before fixation of the cells. 

Mitochondria were visualised by TOM20 staining (red) and nuclei are labelled with DAPI 

(blue). Data represents one experiment. Magnification = 60x, scale bar = 20 µm. 
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Figure 4.2.4. ULK1 inhibition induces mitochondrial fragmentation. ULK1 inhibition induces 

mitochondrial fragmentation in SH-SY5Y cells as seen by dispersed TOM20 staining. 

TOM20 stained mitochondrial fragments are larger than observed upon FCCP treatment. SH-

SY5Y cells were treated with 10 µM iULK1 for indicated time points before fixation of the 

cells. Mitochondria were visualised by TOM20 staining (red) and nuclei are labelled with 

DAPI (blue). Data represents one experiment. Magnification = 60x, scale bar = 20 µm. 
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Figure 4.2.5. Mitochondrial fragmentation is induced by combined treatment of FCCP and 

iULK1. FCCP treatment upon ULK1 inhibition leads to dispersed TOM20 staining in SH-

SY5Y cells, which is indicative of mitochondrial fragmentation. SH-SY5Y cells were treated 

with 5 µM FCCP and 10 µM iULK1 for indicated time points before fixation of the cells. 

Mitochondria were visualised by TOM20 staining (red) and nuclei are labelled with DAPI 

(blue). Data represents one experiment. Magnification = 60x, scale bar = 20 µm. 
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Previous page: Figure 4.2.6. Mitochondrial fragmentation is induced by FCCP, iULK1, or 

combined treatment of FCCP and iULK1. Dispersed TOM20 staining, indicating 

mitochondrial fragmentation, is observed upon FCCP, iULK1, or combined treatment of 

FCCP and iULK1, in SH-SY5Y cells. Selected regions (small yellow box) are enlarged and 

are shown in the top right corner of the respective images (big yellow box). SH-SY5Y cells 

were treated with either 5 µM FCCP, 10 µM iULK1, or both, for 2 hours before fixation of 

the cells. Mitochondria were visualised by TOM20 staining. Data represents one experiment. 

Magnification = 60x, scale bar = 20 µm. 

 

4.3 PIK3C3 inhibition does not affect removal of FCCP damaged 

mitochondria  

Downstream of ULK1 functions the PIK3C3 complex, which is the effector complex 

that is critical for autophagosome formation. To determine if this complex is involved 

in the removal of damaged mitochondria in early (E) and late (L) passage SH-SY5Y 

cells, PIK3C3 was inhibited for 24 hours with 1 µM of a novel small molecule 

inhibitor, SAR405, which has been shown to prevent autophagy (Ronan et al., 2014). 

Inhibition of PIK3C3 led to ULK1, PIK3C3, and p62 accumulation, which is 

indicative of an autophagic blockade (Figure 4.3.1). Conversion of LC3B-I to LC3B-

II was not observed since PtdIns(3)P that are necessary for the expansion of the 

phagophore are not generated upon PIK3C3 inhibition, meaning that LC3B is not 

processed and targeted to the phagophore (Russell et al., 2014). 

 

Combined treatment of 5 µM FCCP and 1 µM SAR405 resulted in ULK1 and 

PIK3C3 degradation and accumulation of LC3B-II, which is more prevalent in the 

early passage cells, suggesting that PIK3C3 inhibition led to a blockade in autophagy 

flux. 

 



128 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.1. PIK3C3 inhibition successfully blocks autophagy by prevention of LC3B 

conversion in SH-SY5Y cells. Autophagy is hindered by inhibition of PIK3C3 as seen by 

increased ULK, PIK3C3, and p62 expression and no LC3B conversion. SH-SY5Y cells show 

LC3B-II accumulation when co-treated with FCCP and SAR405, which suggests that PIK3C3 

inhibition led to a blockade in autophagy flux. Early (E) and late (L) passage SH-SY5Y cells 

were treated with either 5 µM FCCP, 1 µM SAR405, or both, for 24 hours. Protein lysates (20 

µg) were probed for autophagy marker proteins ULK1, PIK3C3, p62, and LC3B. β-actin was 

used as loading control. Data represents one out of a total of three independent experiments. 

 

When the effects of PIK3C3 inhibition on mitophagy were investigated, it was found 

that accumulation of Parkin was promoted, but that FCCP-mediated Parkin 

degradation was not prevented (Figure 4.3.2 A). This indicates that Parkin is not 

targeted to the lysosome, which supports the earlier made observation that Parkin is 

proteasomally degraded (see Chapter 3). SAR405 treatment reduced TIM23 and 

increased VDAC1 expression, while there was no change in TOM20 expression. 

TOM20 and TIM23 showed signs of FCCP-mediated degradation upon PIK3C3 

inhibition, suggesting activity of the PIK3C3 complex is not necessary for degradation 

of these mitochondrial markers. 
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Figure 4.3.2 (A). PIK3C3 inhibition does not prevent FCCP-mediated degradation of 

mitochondrial markers. Inhibition of PIK3C3 increases Parkin expression, but does not affect 

FCCP-induced degradation of Parkin, TOM20, and TIM23. Early (E) and late (L) passage 

SH-SY5Y cells were treated with either 5 µM FCCP, 1 µM SAR405, or both, for 24 hours. 

Protein lysates (20 µg) were probed for mitophagy marker proteins Parkin and PINK1, and 

mitochondrial marker proteins TOM20, TIM23, and VDAC1. β-actin was used as loading 

control. Data represents one out of a total of three independent experiments. 

 

Densitometry pointed out that 5 µM FCCP treatment led to significantly decreased 

TOM20 (early = p<0.05) and TIM23 (early = p<0.01, late = p<0.0001) expression as 

shown previously (Figure 4.3.2 B). PIK3C3 inhibition caused degradation of TOM20 

(late = p<0.05) and TIM23 (late = p<0.001) too and did not block FCCP-induced 

degradation of both TOM20 (p<0.05) and TIM23 (early = p<0.001, late = p<0.0001). 

In both early (p<0.01) and late (p<0.001) passage cells, TIM23 expression was 

significantly reduced when cells were co-treated with FCCP and SAR405 compared to 

SAR405 treatment alone. 
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Figure 4.3.2 (B). PIK3C3 inhibition does not prevent FCCP-mediated degradation of 

mitochondrial markers. Densitometry of TOM20, TIM23, and VDAC1 normalised to 

corresponding β-actin levels. Densitometric analysis was pooled from three independent 

experiments in panel A and data is shown as percentage of control. Error bars = SEM, one-

way ANOVA, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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The effects of another PIK3C3 inhibitor, V34-IN1, on mitophagy induction and 

mitochondrial degradation was also investigated in early passage SH-SY5Y cells. 

V34-IN1 is reportedly a more selective PIK3C3 inhibitor than SAR405 since it does 

not inhibit class I and class II PI3Ks lipid kinases (Bago et al., 2014). Cells were also 

challenged with the proteasomal inhibitor MG132 to see the effects on FCCP-induced 

mitophagy when both PIK3C3 and proteasomal degradation were simultaneously 

inhibited. 

 

p62 expression was increased and LC3B-II accumulated upon 5 µM FCCP treatment 

(Figure 4.3.3). MG132 treatment (20 µM) led to increased p62 expression and LC3B-

II accumulation too, as well as increased ULK1 expression. Similar to results obtained 

with SAR405, V34-IN1 (1 µM) caused increased ULK1, PIK3C3, and p62 expression 

and no LC3B turnover, while ULK1 and PIK3C3 degradation and LC3B-II 

accumulation were observed upon combined FCCP and V34-IN1 treatment when 

compared to V34-IN1 treatment on its own. Co-treatment of FCCP and MG132 

resulted in decreased ULK1 and p62 expression as opposed to MG132 treatment. 

Proteasomal inhibition combined with FCCP treatment did not show any differences 

compared to FCCP treatment besides increased LC3B turnover. When cells were 

treated with both MG132 and V34-IN1, a small increase in LC3B turnover was 

observed, as well as increased ULK1 and p62 expression. Addition of FCCP led to a 

further accumulation of LC3B-II and decreased p62 expression. 
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Figure 4.3.3. PIK3C3 and proteasomal inhibition upon FCCP treatment leads to LC3B-II 

accumulation. Decreased ULK1 expression and de novo p62 synthesis combined with LC3B 

turnover suggest FCCP activates autophagy, whereas PIK3C3 inhibition leads to an 

autophagic blockade, as seen by increased ULK, PIK3C3, and p62 expression and no LC3B 

conversion. Co-treatment of FCCP, MG132, and V34-IN1 leads to LC3B-II accumulation. 

SH-SY5Y cells were treated with either 5 µM FCCP, 20 µM MG132, 1 µM V34-IN1, or a 

combination, for 24 hours. Protein lysates (20 µg) were probed for autophagy marker proteins 

ULK1, PIK3C3, p62, and LC3B. β-actin was used as loading control. Data represents one out 

of a total of three independent experiments. 

 

FCCP-induced mitophagy was not as potent as seen previously since PINK1 

expression was not increased and only TIM23 degradation was observed (Figure 4.3.4 

A). MG132 treatment increased Parkin expression and led to TOM20 accumulation, 

indicating proteasomal inhibition affected basal turnover of TOM20. V34-IN1 

treatment resulted in increased expression of both Parkin and PINK1, of which the 

latter was not increased upon SAR405 treatment (see Figure 4.3.2 A). Co-treatment of 

FCCP and MG132 increased the expression of Parkin and the mitochondrial markers 

TOM20, TIM23, and VDAC1, as shown previously (see Chapter 3), whereas these 

mitochondrial markers were degraded upon co-treatment of FCCP and V34-IN 

(Figure 4.3.4 A). Combined inhibition of both the proteasome and PIK3C3 increased 
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the expression of Parkin, PINK1, and the mitochondrial markers, which was not 

affected by the addition of FCCP. 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.4 (A). Mitochondrial markers show FCCP-mediated selective proteasomal 

degradation irrespective of PIK3C3 inhibition. FCCP-mediated degradation of the 

mitochondrial markers TOM20 and TIM23 is not affected by PIK3C3 inhibition, whereas 

their degradation is prevented by a proteasomal blockade. Combined V34-IN1 and MG132 

treatment illustrates that TOM20 and TIM23 show FCCP-mediated selective proteasomal 

degradation irrespective of PIK3C3 inhibition. (A) SH-SY5Y cells were treated with either 5 

µM FCCP, 20 µM MG132, 1 µM V34-IN1, or a combination, for 24 hours. Protein lysates 

(20 µg) were probed for mitophagy marker proteins Parkin and PINK1, and mitochondrial 

marker proteins TOM20, TIM23, and VDAC1. β-actin was used as loading control. Data 

represents one out of a total of three independent experiments. 

 

Densitometry showed that combined treatment of FCCP and MG132 (p<0.0001) led 

to the biggest increase in TOM20 expression, which was partially reversed by V34-

IN1 treatment (p<0.0001) (Figure 4.3.4 B). TOM20 expression was also significantly 

increased upon combined treatment of FCCP, MG132, and V34-IN1 (p<0.05) when 
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compared to control and FCCP and MG132 (p<0.0001) when compared to FCCP 

treatment on its own. 

 

Similarly to TOM20, the biggest increase in TIM23 expression was observed upon 

combined treatment of FCCP and MG132 (p<0.05). Proteasomal inhibition reduced 

FCCP-mediated TIM23 degradation (p<0.0001), which was not affected by V34-IN1. 

Co-treatment of FCCP, MG132, and V34-IN1 increased TIM23 expression when 

compared to FCCP (p<0.001) or combined FCCP and V34-IN1 treatment (p<0.001).  

 

Combined treatment of FCCP and MG132 also increased VDAC1 expression when 

compared to either control (p<0.0001) or FCCP treatment on its own (p<0.05), which 

was irrespective of V34-IN1 (p<0.001 compared to control, p<0.05 compared to 

FCCP). 
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Figure 4.3.4 (B). Mitochondrial markers show FCCP-mediated selective proteasomal 

degradation irrespective of PIK3C3 inhibition. Densitometry of TOM20, TIM23, and 

VDAC1 normalised to corresponding β-actin levels. Densitometric analysis was pooled from 

three independent experiments in panel A and data is shown as percentage of control. Error 

bars = SEM, one-way ANOVA, *p<0.05, ***p<0.001, ****p<0.0001. 



136 
 

4.4 PIK3C3 inhibition partially prevents FCCP cytotoxicity 

To address the cytotoxicity of the different autophagy inhibitors utilised in this study, 

a cell viability assay was carried out. Phase contrast microscopy showed that 5 µM 

FCCP treated SH-SY5Y cells were smaller and detached at 24 hours of treatment 

(Figure 4.4.1). However, detachment was partially prevented by the addition of 1 µM 

SAR405 or 1 µM V34-IN1. MG132 (20 µM) treated cells detached as well, which 

was worsened by the addition of V34-IN1. Co-treatment of FCCP and MG123 

resulted in increased cytotoxicity. SAR405 or V34-IN1 treatment did not have any 

visible effects on cell morphology. ULK1 inhibition (10 µM) mediated the formation 

of clumps, which was aggravated by the addition of FCCP. Combined treatment of 

FCCP, MG132, and V34-IN1 proved to be the most cytotoxic condition. 
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Figure 4.4.1. PIK3C3 inhibition partially prevents cellular detachment of SH-SY5Y cells upon 

FCCP treatment. FCCP, iULK1, and MG132 treatment and combinations thereof are 

cytotoxic to SH-SY5Y cells. SAR405 or V34-IN1 partially prevent detachment of SH-SY5Y 

cells when co-treated with FCCP. SH-SY5Y cells were treated with either 5 µM FCCP, 10 

µM iULK1, 1 µM SAR405, 1 µM V34-IN1, 20 µM MG132, or a combination, for 24 hours. 

Phase contrast images were taken at 24 hours using a Nikon TMS microscope, magnification 

= 10x. Data represents one out of a total of three independent experiments. 
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The cell viability assay pointed out that all different treatments, expect SAR405 or 

V34-IN1, led to cytotoxicity (p<0.0001, not marked in Figure) (Figure 4.4.2). V34-

IN1 partially rescued FCCP-mediated cytotoxicity (p<0.05), regardless of the addition 

of MG132 (p<0.01). The other inhibitors did not significantly affect FCCP-mediated 

cytotoxicity. 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 4.4.2. PIK3C3 inhibition partially prevents FCCP cytotoxicity in SH-SY5Y cells. 

Inhibition of PIK3C3 partially prevents FCCP, and FCCP + MG132 mediated cytotoxicity in 

SH-SY5Y cells. Note that all different treatments, except SAR405 and V34-IN1 (non-

significant (ns)), led to cytotoxicity (p<0.0001). SH-SY5Y cells were treated with 5 µM 

FCCP, 10 µM iULK1, 1 µM SAR405, 1 µM V34-IN1, 20 µM MG132, or a combination, for 

24 hours. Data is shown as percentage of control and was pooled from three independent 

experiments. Error bars = SEM, one-way ANOVA, p>0.05 = ns, *p<0.05, **p<0.01. 
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4.5 ULK1 inhibition promotes Beclin1 phosphorylation 

As described earlier in this chapter, ULK1 inhibition led to decreased PIK3C3 

expression, which could indicate a disruption of the PIK3C3 complex (see Figure 

4.2.1 A). PIK3C3 activity is regulated by both ULK1 and Beclin1, the latter being part 

of the PIK3C3 complex itself (Russell et al., 2014). Unpublished data from the 

Murray lab (Ewelina Rozycka, manuscript in preparation) showed that ULK1 can 

regulate Beclin1 phosphorylation at serine 30 (Ser30). Knockdown of ULK1 

decreased the amount of Ser30 phosphorylated Beclin1 in two different cell lines, 

although ULK1 was not the responsible kinase for direct phosphorylation. Recently, 

the glycolytic enzyme phosphoglycerate kinase 1 (PGK1) was found to directly 

phosphorylate Beclin1 on Ser30 (Qian et al., 2017), suggesting that there is an 

intimate link between the glycolytic pathway and control of cellular autophagy. 

 

In order to investigate whether the PIK3C3 complex would be disassembled in SH-

SY5Y cells upon ULK1 inhibition, Beclin1 total and Ser30 phosphorylated Beclin1 

were immunoblotted. Interestingly, 10 µM iULK1 treatment led to increased Ser30 

phosphorylation on Beclin1, indicating Beclin1 activation and suggesting that the 

PIK3C3 complex could still be active upon ULK1 inhibition, regardless of decreased 

PIK3C3 expression (Figure 4.5.1). ULK1 inhibition did not lead to increased ULK1 

expression as observed previously. 
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Figure 4.5.1. ULK1 inhibition promotes Beclin1 phosphorylation in neuronal cells. Inhibition 

of ULK1 promotes phosphorylation of Beclin1 at Ser30 and decreases ULK1 and PIK3C3 

expression in SH-SY5Y cells. SH-SY5Y cells were treated with 10 µM iULK1 for 24 hours. 

Protein lysates (20 µg) were probed for autophagy marker proteins ULK1, PIK3C3, Beclin1, 

and Ser30 Beclin1. β-actin was used as loading control. Data represents one out of a total of 

three independent experiments. 

 

To further investigate the effect of ULK1 inhibition on PIK3C3, both Beclin1 and 

PIK3C3 were immunoprecipitated (IP). ULK1 inhibition resulted in decreased 

Beclin1 expression, but did not have an effect on the amount of Ser30 phosphorylated 

Beclin1 or PIK3C3 expression (Figure 4.5.2 A). Expression of both UVRAG and 

hVps15, other proteins associated with the Beclin1-PIK3C3 complex, increased upon 

ULK1 inhibition. PIK3C3 IP showed that its expression, as well as Beclin1, Ser30 

phosphorylated Beclin1 and possibly UVRAG, decreased upon ULK1 inhibition. The 
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effects of ULK1 inhibition on hVps15 remained unknown since duplicates did not 

match. Under control conditions, PIK3C3 was not associated with high amounts of 

Ser30 phosphorylated Beclin1. ULK1 inhibition lowered PIK3C3 expression, which, 

in turn, was associated with less (Ser30 phosphorylated) Beclin1.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5.2 (A). ULK1 inhibition does not affect expression of Ser30 phosphorylated Beclin1 

associated with the PIK3C3 complex. Beclin1 and PIK3C3 IP shows that ULK1 inhibition 

decreases Beclin1 expression, but that it does not inhibit Ser30 phosphorylated Beclin1 

expression in SH-SY5Y cells. (A) SH-SY5Y cells were treated with 10 µM iULK1 for 24 

hours. Protein lysates (1.1 mg) were incubated overnight with appropriate antibodies to 

immunoprecipitate Beclin1 and PIK3C3. Samples were probed for members of the Beclin1-

PIK3C3 complex, namely Beclin1, Ser30 phosphorylated Beclin1, PIK3C3, UVRAG, and 

hVps15. Data represents one out of a total of three independent experiments. 

 

Beclin1 IP showed a small reduction, which was not statistically significant, in Ser30 

phosphorylated Beclin1 expression upon ULK1 inhibition when Ser30 phosphorylated 

Beclin1 expression was normalised to corresponding Beclin1 expression (Figure 4.5.2 

B). PIK3C3 IP showed an increase in Ser30 phosphorylated Beclin1, confirming that 

ULK1 inhibition did not lead to decreased Beclin1 phosphorylation at Ser30 as seen in 

non-neuronal cells  
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Figure 4.5.2 (B). ULK1 inhibition does not affect expression of Ser30 phosphorylated Beclin1 

associated with the PIK3C3 complex. Densitometry of Ser30 phosphorylated Beclin1 

normalised to corresponding Beclin1 levels. Densitometric analysis was pooled from three 

independent experiments in panel A and data is shown as percentage of control. Error bars = 

SEM, unpaired t-test. IP = immunoprecipitation. 

 

When assessing the ratio of PIK3C3 bound to Beclin1 in the Beclin1 IP, an increase in 

the amount of interactions between Beclin1 and PIK3C3 was found upon iULK1 

treatment (p<0.05), despite a decrease in both Beclin1 and PIK3C3 expression (Figure 

4.5.2 C). 
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Figure 4.5.2 (C). Beclin1 IP shows an increased amount of Beclin1 and PIK3C3 interactions 

upon ULK1 inhibition. Densitometry of PIK3C3 normalised to corresponding Beclin1 levels. 

Densitometric analysis was pooled from three independent experiments in panel A and data is 

shown as percentage of control. Error bars = SEM, unpaired t-test, *p<0.05. IP = 

immunoprecipitation. 
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4.6 Discussion 

Mitophagy is considered to be a specialised type of autophagy, implying autophagy 

related proteins assist the mitophagic process. ULK1 is activated upon mTORC1 

inhibition and its activation is important for the regulation of autophagy initiation 

(Russell et al., 2014). Inhibition of ULK1 led to mitochondrial fragmentation, 

increased PINK1 and decreased Parkin expression in SH-SY5Y cells, suggesting that 

mitophagy was induced (Figure 4.2.1 A & B, Figure 4.2.4). Both p62 and LC3B-II 

were degraded, which contradicts results obtained in non-neuronal cells that show that 

ULK1 inhibition leads to a blockade of autophagy flux as observed by accumulation 

of p62 and LC3B-II (Appendix II). Thus, ULK1 inhibition appears to have different 

effects in different cell types. FCCP-induced mitophagy or mitochondrial 

fragmentation was not affected by inhibition of ULK1, however, expression of the 

mitochondrial marker VDAC1 was increased, implying ULK1 inhibition affects 

degradation of damaged mitochondria (Figure 4.2.2 A & B). Nevertheless, it must be 

noted that FCCP-induced mitochondrial degradation upon ULK1 inhibition was only 

assessed by monitoring VDAC1 expression, which turned out to be not reliable for 

measuring mitochondrial degradation since VDAC1 was not always degraded during 

FCCP-induced mitophagy and VDAC1 could be recycled, instead of being degraded 

(Chapter 3). Therefore, more experiments need to be done, such as monitoring 

degradation of TOM20 and TIM23 and monitoring changes in mitochondrial mass, to 

establish the involvement of ULK1 in FCCP-induced degradation of mitochondria in 

SH-SY5Y cells. 

 

In agreement with the results described herein, ULK1 was found to be necessary for 

mitophagy to be carried out successfully. In MEF, structures containing ULK1 were 
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recruited to CCCP-depolarised mitochondria and were required for mobilisation of 

downstream ATG proteins to carry out mitophagy (Itakura et al., 2012), while ULK1-/- 

MEF did not recruit Parkin to CCCP-depolarised mitochondria, leading to defects in 

mitochondrial clearance upon CCCP treatment (Joo et al., 2011). Also in primary 

hepatocytes, loss of ULK1 led to defective mitophagy (Egan et al., 2011). On the 

contrary, however, Kundu and colleagues found that culturing reticulocytes obtained 

from ULK1-knockout mice, which show defects in the clearance of mitochondria 

during maturation, overcame impaired mitochondrial clearance in the presence of 

CCCP (Kundu et al., 2008). This suggests that mitochondrial depolarisation can lead 

to activation of ULK1-independent pathways that are responsible for clearance of 

damaged mitochondria. Another study supported the findings of Kundu and co-

workers by showing that MEF deficient in or with reduced activity of different 

components of the ULK1 complex, namely FIP200 and ATG13, did not activate 

autophagy following starvation, but did show a reduced rate of LC3B lipidation upon 

induction of mitochondrial damage by CCCP, suggesting non-canonical autophagy 

could have been activated (Chen et al., 2013). It was suggested that ULK2 could 

compensate for loss of ULK1, since only combined deletion of ULK1 and ULK2 

inhibited the autophagy response to nutrient starvation, but this is likely cell type 

specific (Cheong et al., 2011, Lee and Tournier, 2011, McAlpine et al., 2013). In 

addition, these studies also showed that mice deficient for both ULK1 and ULK2 died 

shortly after birth, whereas mice deficient in either one of these genes were viable and 

did not show any obvious developmental defects (Kundu et al., 2008, Cheong et al., 

2011). The observed discrepancies between the different studies indicate that the 

precise role of ULK1 in mitophagy is unclear and that further research on this topic is 

needed. 
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Downstream of ULK1 functions the PIK3C3 complex, which is the effector complex 

that is critical for autophagosome formation (Russell et al., 2014). Inhibition of 

PIK3C3 by two different specific inhibitors (SAR405 and V34-IN1) successfully 

blocked autophagy, but did not have an effect on FCCP-mediated degradation of the 

mitochondrial markers TOM20 and TIM23, indicating a non-canonical autophagy 

pathway could be involved (Figure 4.3.1, Figure 4.3.2 A & B, Figure 4.3.3, Figure 

4.3.4 A & B). These findings were supported by work done in hepatocytes in which 

the PIK3C3 complex was reported to be dispensable for photodamage-induced 

mitophagy (Kim and Lemasters, 2011b). Phosphatidylinositol 3-kinase (PI3K) 

inhibitors successfully blocked sequestration of mitochondria during starvation, but 

not upon photodamage-induced mitophagy, again suggesting mitochondrial 

depolarisation can lead to activation of non-canonical autophagy. Furthermore, 

knockdown of partners of the PIK3C3 complex, namely Beclin1 or ATG14L, did not 

diminish LC3B puncta formation or LC3B turnover (Chen et al., 2013). In addition, 

induction of mitochondrial degradation by the parkinsonian neurotoxin MPP+ and 

autophagy activated by ROS, of which FCCP is a potent inducer, was shown to be 

independent of Beclin1 in primary dopaminergic neurons and SH-SY5Y cells (Chu et 

al., 2007, Zhu et al., 2007). Conversely, loss of Beclin1 led to inhibition of CCCP-

induced Parkin translocation to mitochondria in PC12 cells, which suppressed 

mitochondrial fragmentation since no Parkin-induced MFN2 loss was observed 

(Choubey et al., 2014). However, the authors did not investigate the effects of Beclin1 

loss on mitochondrial degradation and therefore it is unclear if loss of Beclin1 led to 

impaired mitophagy in PC12 cells. 
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Activity of the PIK3C3 complex is regulated by Beclin1, which in turn is controlled 

by ULK1 (Russell et al., 2014). Previous obtained results in the Murray lab showed 

that ULK1 can phosphorylate Beclin1 at Ser30 and that ULK1 inhibition led to 

decreased Ser30 phosphorylated Beclin1 expression in non-neuronal cells. However, 

ULK1 inhibition increased Ser30 phosphorylated Beclin1 expression in SH-SY5Y 

cells, indicating that ULK1-dependent Ser30 phosphorylation of Beclin1 in cancer 

cells of epithelial origin is distinct to neuronally-derived cells (Figure 4.5.1). A recent 

study showed that Beclin1 phosphorylation at Ser30 could be induced in non-neuronal 

cells by PGK1 (Qian et al., 2017). Experiments need to be done to test whether PGK1 

functions downstream of ULK1 and perhaps differential regulation of PGK1 explains 

the differences across cells from different tissue origins. This could be related to 

control of glycolysis, since PGK1 is a glycolytic enzyme, and a possible mechanism 

of supporting continued glycolysis, if glycolytic flux drops, is by mobilising the 

autophagy pathway to provide additional pre-cursors to support energy production. 

Nevertheless, it still remains to be determined which protein is responsible for Ser30 

Beclin1 phosphorylation in SH-SY5Y cells. 

 

ULK1 inhibition by iULK1 also led to decreased PIK3C3 expression, which could 

indicate disruption of the PIK3C3 complex (Figure 4.5.1), possibly through altered 

binding to Beclin1, which is partially supported by the immunoprecipitation data in 

Figure 4.5.2 C, where the ratio of PIK3C3 bound to Beclin1 in Beclin1 

immunoprecipitates increased from 1 to 1.5, indicating that despite a decrease in both 

Beclin1 and PIK3C3 expression, there was an increase in interactions, although the 

associated increase in Ser30 phosphorylation is not likely to be associated with 

PIK3C3:Beclin1 interactions, since this IP may contain predominantly monomeric 
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Beclin1 and also in the PIK3C3 IP’s there was no enrichment of Beclin1 or increased 

Ser30 abundance. PIK3C3 IP demonstrated that ULK1 inhibition resulted in lower 

expression levels of PIK3C3, Beclin1, and Ser30 phosphorylated Beclin1, implying 

ULK1 inhibition leads to a decrease in the amount of PIK3C3 complexes (Figure 

4.5.2 A & B). IP also showed that upon ULK1 inhibition, PIK3C3 is not associated 

with increased Ser30 phosphorylated Beclin1 expression, suggesting a pool of Ser30 

phosphorylated Beclin1 is not associated with the PIK3C3 complex. This pool of 

Ser30 phosphorylated Beclin1 might be involved in other cellular processes or it could 

be the pool that is associated with PINK1 or Parkin, linking it to mitophagy. 

 

Even though the involvement of ULK1 in mitophagy needs to be investigated further, 

observed FCCP-induced TOM20 and TIM23 degradation upon PIK3C3 inhibition 

hints that canonical autophagy might be dispensable for FCCP-induced mitophagy in 

SH-SY5Y cells, which is supported by the finding that proteasomal inhibition causes a 

blockade in degradation of the mitochondrial markers (Figure 4.3.4 A & B, Chapter 

3). In fibroblasts, it was reported that proteins on the outer mitochondrial membrane, 

such as TOM20, are mainly proteasomally degraded, whereas proteins on the inner 

mitochondrial membrane, like TIM23, are mainly degraded via auto/mitophagy, of 

which the latter is contradictory to described results (Yoshii et al., 2011). Therefore, 

the effects of autophagic and proteasomal inhibition on FCCP-induced mitophagy 

should be investigated on additional mitochondrial marker proteins and differences in 

mitochondrial mass, to monitor mitochondrial degradation, should be taken into 

account to investigate if the described results hold up. 



 
 

 

 

 

 

 

 

 

 

Chapter 5 

Effects of FCCP on mitophagy and 

autophagy in stem cell models 
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5.0 Introduction 

Mitochondrial damage and mitochondrial defects have been observed in the brains of 

deceased PD patients. To date, it is not known whether this is the primary cause of 

pathogenesis or a consequence of damaged neurons. The current hypothesis is that 

mitochondrial dysfunction may lie at the basis of PD, which is strengthened by the 

fact that many of the genes involved in familial forms of PD are related to 

mitochondria or their function. To test this hypothesis, it is important to utilise 

appropriate cell models. Nevertheless, most research concerning this topic is carried 

out with cell types other than neurons and the outcomes might not reflect neuronal 

processes. Neurons are a specialised cell type with different mitochondrial dynamics 

and selective removal of (damaged) mitochondria by mitophagy could be regulated in 

a different manner. PD is characterised by progressive loss of dopamine (DA) neurons 

in the substantia nigra (SN) and therefore DA neurons should ideally be used to study 

PD (Exner et al., 2012). DA neurons can be generated from both embryonic stem cells 

(ESC) and human induced pluripotent stem cells (hiPSC), which are thus a suitable 

cellular model for PD related studies (Park et al., 2004). 

 

Mitochondria have been extensively studied in mammalian cells, giving rise to great 

insights in mitochondrial structure and function. However, knowledge of 

mitochondria in ESC is limited (Lonergan et al., 2007). Electron microscopy revealed 

that in undifferentiated mouse and human ESC lines only few mitochondria are 

present that have poorly developed cristae, the site where oxidative phosphorylation 

takes place. In line with this observation, glycolysis was found to be the major 

contributor of energy production in ESC (Kondoh et al., 2007). Concomitant with low 

mitochondrial levels, low levels of mitochondrial mass and mitochondrial DNA 
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(mtDNA) were also reported (Lonergan et al., 2007). Inhibition of complex I of the 

respiratory chain resulted in mitophagy, whereas mild inhibition of complex III 

enhanced the pluripotency of ESC, suggesting that proper maintenance of 

mitochondrial function is important for ESC (Varum et al., 2009, Guan et al., 2013). 

Differentiation of ESC increased the mitochondrial number resulting in increased 

mitochondrial mass, mtDNA, and ATP production, giving rise to a mitochondrial pool 

that is large enough to study mitophagy (Cho et al., 2006, Lonergan et al., 2007). 

 

Little is known about mitophagy and its regulation in ESC. Mitophagy can be induced 

in ESC by inhibition of complex I of the respiratory chain, while downregulation of 

growth factor erv1-like (Gfer) also resulted in elimination of damaged mitochondria 

by mitophagy, with the latter being restricted to undifferentiated ESC (Varum et al., 

2009, Todd et al., 2010, Guan et al., 2013). Damaging mitochondria with CCCP led to 

changes in ATP and ROS levels and undifferentiated ESC were shown to proliferate 

slowly (Mandal et al., 2011).  

 

While ESC are an appropriate cell model to study PD, ethical concerns and the fact 

that these cells are not disease-related make hiPSC the preferred cell line to study PD. 

hiPSC are a novel cell source that have numerous advantages over the use of 

immortalised cell lines. Given their self-renewability and their potential to give rise to 

almost all somatic cell types of the human body, hiPSC can provide an unlimited 

source for generation of disease-related specific cell types (Li et al., 2015). Not only 

the disease, but also early onset molecular changes during disease progression, can be 

studied with the use of hiPSC generated from patient somatic cells since it was found 

that neurodegeneration caused by either PINK1 or PARK2 loss in humans can already 
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been seen at the age of three (Whitworth and Pallanck, 2017). Furthermore, hiPSC can 

also be used as a model system for drug screening and drug toxicity tests, thereby 

reducing the use of animals, and could even open doors towards personalised drug 

discovery. PD patients, for example, show variations in therapeutic outcomes that are 

likely caused by differences in genetic background and epigenetic modifications 

between the patients (Liu et al., 2013). hiPSC generated from these patients will have 

their genetic background and likely respond to drugs in a similar way as the patient 

itself, making them a great asset for personalised drug screening (Ko and Gelb, 2014). 

Lastly, hiPSC could be used for autologous transplantation purposes as well, which 

was shown to result in a much lower immune response compared to allogeneic 

transplantation (Li et al., 2015). 

 

Generation of iPSC by reprogramming of somatic cells into an embryonic-like state 

by introduction of four transcription factors, Octamer-binding transcription factor 3/4 

(Oct3/4), Sex determining region Y (SRY)-box 2 (Sox2), C-myc, and Kruppel-like 

factor 4 (Klf4), into mouse embryonic fibroblasts was first described in 2006 

(Takahashi and Yamanaka, 2006). However, this approach also marks one of the 

major drawbacks of these cells. Use of viruses to reprogram cells gives rise to safety 

concerns and limits potential clinical use, as described previously, of hiPSC-derived 

cells in future. Progress has been made to optimise protocols for both hiPSC 

generation and subsequent differentiation, of which efficient protocols are also still 

lacking, but many problems still exist despite improvements that have been made (Li 

et al., 2015). 
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Given the recent discovery of hiPSC and lack of good protocols for both generation 

and differentiation of hiPSC, which is also a time consuming process, few studies 

have been published that explore the effects of PINK1 and PARK2 mutations in 

hiPSC-derived DA neurons from PD patients (Valente et al., 2004). The advantage of 

these cells is that they present a more direct view of how these proteins function and 

dysfunction in disease compared to immortalised cell lines in which PINK1 and 

Parkin are either knocked down or in which disease-associated mutations are 

overexpressed. 

 

DA neurons derived from PINK1 mutant hiPSC showed that loss of PINK1 function 

likely intrinsically damaged mitochondria since increased ROS production and 

increased rate of basal oxygen consumption and proton leakage were observed, as 

well as increased sensitivity to cell death (Cooper et al., 2012). Furthermore, PINK1 

mutant hiPSC-derived neurons presented with decreased mitochondrial membrane 

potential and mitochondrial complex I activity (Morais et al., 2014). Mitochondrial 

depolarisation did not lead to a reduction in mtDNA as observed in control hiPSC, 

suggesting that mitophagy did not take place (Seibler et al., 2011). This was 

confirmed by the observation that recruitment of lentivirally expressed Parkin to 

mitochondria was impaired upon mitochondrial depolarisation, which was restored 

upon lentiviral overexpression of wildtype (WT) PINK1, showing the importance of 

functionally active PINK1 in mitophagy. 

 

Whereas PINK1 mutations lead to mitochondrial dysfunction and lack of mitophagy, 

mutations in PARK2 are associated with numerous pathologies. Neurons derived from 

Parkin mutated hiPSC had abnormal mitochondrial morphology, impaired 
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mitochondrial homeostasis and increased levels of oxidative stress (Imaizumi et al., 

2012). Abnormal mitochondrial morphology was confirmed by another study, in 

which reduced mitochondrial volume and reduced amount of differentiated DA 

neurons was also found (Shaltouki et al., 2015). Decreased DA uptake and increased 

spontaneous DA release was observed too, which could be rescued by lentiviral 

expression of WT Parkin (Jiang et al., 2012). In addition, mutant Parkin iPSC-derived 

DA neurons had destabilised microtubules, leading to reduced neurite length and 

complexity, which could be rescued by overexpression of WT Parkin as well (Ren et 

al., 2015). Recently, it was shown that DA neurons derived from mutated Parkin 

hiPSC had defective mitophagy and that they had increased cleavage of caspase 3, 

suggesting that Parkin defects lead to increased levels of apoptosis (Suzuki et al., 

2017). Lastly, Parkin mutant neurons demonstrated increased expression and 

abnormal accumulation of α-synuclein, downregulation of the proteasome and anti-

oxidative pathways, which was accompanied by increased oxidative stress, and 

increased susceptibility to mitochondrial toxins (Chang et al., 2016, Chung et al., 

2016). Taken together, these studies show that Parkin is involved in different 

processes in DA neurons besides mitophagy. 

 

In this chapter, the effects of the mitochondrial uncoupler FCCP on mitophagy and 

autophagy in undifferentiated ESC, presumptive neuronal precursor cells (NPC), and 

NPC differentiated into DA neurons (presumptively) of a control and PD hiPSC line 

containing a SNCA triplication will be explored. Activation of autophagy and 

induction of mitophagy upon FCCP treatment was examined, as well as presence of 

FCCP-induced mitochondrial degradation and the effects of both autophagic and 

proteasomal inhibition on removal of FCCP-damaged mitochondria. 
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5.1 Undifferentiated mESC respond to autophagic activators and 

inhibitors 

Undifferentiated 46C mouse ESC (mESC) were treated with either activators 

(rapamycin (Rap), EBSS) or inhibitors (chloroquine (CQ), iULK1) of autophagy, as 

well as FCCP, for 24 hours and the effects on autophagy were analysed. Activation of 

autophagy by 0.1 µM rapamycin increased ULK1 and PIK3C3 expression and led to 

p62 degradation and increased LC3B turnover, indicative of autophagic activity 

(Figure 5.1.1 A). Starvation of undifferentiated 46C mESC with EBSS was toxic to 

the cells and protein expression levels were too low to detect on immunoblots. PINK1 

expression did not change upon autophagy activation and Parkin was not detected 

(data not shown). 

  

Inhibition of autophagy by 5 µM CQ increased ULK1 expression and was 

characterised by p62 accumulation, as well as LC3B-II accumulation, indicative of an 

autophagy flux blockade. iULK1 treatment (10 µM) led to decreased ULK1 and 

PIK3C3 expression, p62 degradation, and normal conversion of LC3B-I to LC3B-II, 

suggesting autophagy was not inhibited. Lastly, 50 µM FCCP led to decreased 

PIK3C3 expression and increased p62 expression while LC3B conversion was similar 

to control conditions. Decreased PINK1 expression was observed upon CQ treatment 

whereas the effects of iULK1 and FCCP on PINK1 expression are inconclusive. 
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Figure 5.1.1 (A). Undifferentiated 46C mESC respond to autophagic activators and 

inhibitors. Activation of autophagy by rapamycin (Rap) decreases p62 expression and induces 

LC3B-II accumulation, whereas EBSS treatment is toxic to cells. Inhibition of autophagy by 

chloroquine (CQ) causes p62 and LC3B-II accumulation, while this is not the case upon 

iULK1 treatment. FCCP leads to increased p62 expression and its effects on PINK1 

expression are inconclusive. Undifferentiated 46C mESC were treated with either 0.1 µM 

rapamycin, 5 µM chloroquine, 50 µM FCCP, 10 µM iULK1, or were starved with EBSS, for 

24 hours. Protein lysates (20 µg, ± 3 µg for EBSS only) were probed for autophagy marker 

proteins ULK1, PIK3C3, p62, and LC3B, and the mitophagy marker protein PINK1. β-actin 

was used as loading control. Data represent one out of a total of two independent experiments. 

 

Densitometry showed that activation or inhibition of autophagy did not lead to a 

statistically significant increase or decrease in expression of immunoblotted proteins 

(Figure 5.1.1 B). Besides iULK1 treatment, both activation and inhibition of 

autophagy led to a small increase in ULK1 expression. iULK1 treatment also caused a 

small decrease in PIK3C3 expression while PIK3C3 expression was not affected by 

the other conditions. Autophagy activation by rapamycin resulted in p62 degradation 
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and increased LC3B conversion, whereas autophagic inhibition led to p62 and LC3B-

II accumulation. FCCP treatment increased ULK1 and p62 expression, and also 

caused LC3B-II accumulation, but did not affect expression of PIK3C3. EBSS data 

was not analysed since protein expression of the immunoblotted proteins was too low.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.1 (B). Undifferentiated 46C mESC respond to autophagic activators and 

inhibitors. ULK1, PIK3C3, p62, and LC3B-II densitometry normalised to corresponding β-

actin levels. Densitometric analysis was pooled from two independent experiments and data is 

shown as percentage of control. Error bars = SEM. 
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5.2 FCCP induces PINK1 expression in undifferentiated mESC 

To examine the effects of FCCP on Parkin and PINK1 expression in undifferentiated 

46C mESC, a time course was carried out. Preliminary data showed that 50 µM FCCP 

treatment led to an increase in PINK1 expression for the duration of the experiment 

(Figure 5.2.1 A). Conversion of LC3B-I to LC3B-II was increased at 4 hours of FCCP 

treatment and is reminiscent of an autophagy flux blockade. Nevertheless, 

undifferentiated 46C mESC were able to overcome this blockade at later time points. 

The Parkin immunoblot showed a faint band at the predicted molecular weight of 

Parkin, however, it is not known if this was due to specific binding of the antibody. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.1 (A). FCCP induces PINK1 expression in undifferentiated 46C mESC. PINK1 

expression is induced upon FCCP treatment in undifferentiated 46C mESC. LC3B-II 

accumulates at 4 hours, which is reminiscent of an autophagic blockade, but LC3B conversion 

decreases at later time points. Undifferentiated 46C mESC were treated with 50 µM FCCP for 

indicated time points. Protein lysates (20 µg) were probed for mitophagy marker proteins 

Parkin and PINK1, and the autophagy marker protein LC3B. β-actin was used as loading 

control. Arrow indicates possible Parkin expression. Data represents one experiment.  
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Densitometric analysis confirmed that PINK1 expression was increased upon FCCP 

treatment at all time points, with its peak at 4 hours of treatment (Figure 5.2.1 B). 

FCCP increased conversion of LC3B-I into LC3B-II at 4 hours of treatment, however, 

LC3B-II was degraded at later time points. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.1 (B). FCCP induces PINK1 expression in undifferentiated 46C mESC. PINK1 

and LC3B-II densitometry normalised to corresponding β-actin levels. Data is shown as 

percentage of control and represents one experiment. 
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5.3 ULK1 inhibition induces PINK1 expression in undifferentiated 

mESC 

To assess how Parkin and PINK1 expression in undifferentiated 46C mESC are 

affected by ULK1 inhibition over time, ULK1 was inhibited with the small molecule 

inhibitor iULK1 for different time points. Preliminary data showed that 10 µM iULK1 

treatment induced ULK1 degradation and led to a big increase in LC3B-II, which is 

indicative of autophagic inhibition (Figure 5.3.1 A). This is in contrast with previous 

obtained data showing no changes in LC3B conversion at 24 hours of iULK1 

treatment (see Figure 5.1.1 A & B). ULK1 inhibition increased PINK1 expression at 4 

hours of treatment, which was increased further at 24 hours. Parkin expression was 

difficult to detect and it is not clear how its expression was affected by iULK1. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3.1 (A). ULK1 inhibition induces PINK1 expression in undifferentiated 46C mESC. 

ULK1 inhibition leads to increased PINK1 expression and LC3B-II accumulation, whereas 

ULK1 was possibly degraded. Undifferentiated 46C mESC were treated with 10 µM iULK1 

for indicated time points. Protein lysates (20 µg) were probed for mitophagy marker proteins 

Parkin and PINK1, and autophagy marker proteins ULK1 and LC3B. β-actin was used as 

loading control. Arrow indicates possible Parkin expression. Data represents one experiment. 
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As shown by densitometry, PINK1 expression was continuously increased at all time 

points upon iULK1 treatment (Figure 5.3.1 B). LC3B-II accumulation was increased 

at 4 hours and 8 hours of ULK1 inhibition before being degraded. However, LC3B-I 

to LC3B-II conversion was still increased at 16 hours and 24 hours of ULK1 

inhibition compared to control.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Figure 5.3.1 (B). ULK1 inhibition induces PINK1 expression in undifferentiated 46C mESC. 

PINK1 and LC3B-II densitometry normalised to corresponding β-actin levels. Data is shown 

as percentage of control and represents one experiment. 
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5.4 ULK1 inhibition affects basal turnover of the mitochondrial 

marker VDAC1 in undifferentiated mESC 

ULK1, which is activated in the early stages of autophagy, regulates the downstream 

autophagy initiation machinery (Russell et al., 2014). To investigate how ULK1 

inhibition affects FCCP-mediated mitophagy, undifferentiated 46C mESC were 

treated with FCCP and iULK1 for 24 hours. FCCP treatment (50 µM) led to Parkin 

degradation and PINK1 accumulation, suggesting mitophagy was induced (Figure 

5.4.1 A). However, expression of the mitochondrial marker VDAC1 was not affected. 

p62 expression was decreased, which is contrary to previous obtained results (see 

Figure 5.1.1 A & B), while increased LC3B-I into LC3B-II conversion was observed. 

iULK1 (10 µM) treatment had a similar effect on expression of immunoblotted 

proteins as FCCP, except p62 was degraded further and VDAC1 expression increased. 

Induction of mitophagy as seen by Parkin degradation and PINK1 accumulation was 

not affected by combined treatment of FCCP and iULK1, but it did lead to increased 

VDAC1 expression. The effects of combined treatment on LC3B-II accumulation are 

inconclusive, however, the amount of immunoblotted LC3B-I was decreased. ULK1 

degradation was observed upon all treatments. 
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Figure 5.4.1 (A). ULK1 inhibition affects basal turnover of the mitochondrial marker VDAC1 

in undifferentiated 46C mESC. Both FCCP and iULK1 treatment cause ULK1 and p62 

degradation and increase LC3B-I into LC3B-II conversion. Parkin degradation and PINK1 

accumulation suggest induction of mitophagy, however, VDAC1 was not degraded. ULK1 

inhibition affects the basal turnover of VDAC1 in undifferentiated 46C mESC, which is not 

affected by the addition of FCCP. Undifferentiated 46C mESC were treated with 50 µM 

FCCP, 10 µM iULK1, or both, for 24 hours. Protein lysates (20 µg) were probed for 

mitophagy marker proteins Parkin and PINK1, the mitochondrial marker protein VDAC1, and 

autophagy marker proteins ULK1, p62, and LC3B. β-actin was used as loading control. Data 

represents one out of a total of three independent experiments. 

 

ULK1 inhibition increased VDAC1 expression (p<0.001), indicating autophagy could 

play a role in the basal turnover of VDAC1 (Figure 5.4.1 B). Co-treatment of FCCP 

and iULK1 decreased VDAC1 expression when compared to iULK1 treatment 

(p<0.01), whereas VDAC1 expression was increased when compared to FCCP 

treatment (p<0.05). 
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Figure 5.4.1 (B). ULK1 inhibition affects basal turnover of the mitochondrial marker VDAC1 

in undifferentiated 46C mESC. Densitometry of VDAC1 normalised to corresponding β-actin 

levels. Data is shown as percentage of control and was pooled from three independent 

experiments. Error bars = SEM, one-way ANOVA, *p<0.05, **p<0.01, ***p<0.001. 

 

Unfortunately, mESC data was inconsistent and cell culturing difficulties were 

experienced, which led to the decision to not differentiate the mESC and to terminate 

the research using these cells. However, when hiPSC became available, research 

concerning FCCP-induced mitophagy and effects of proteasomal and autophagic 

inhibition on FCCP-induced mitophagy was continued. The hiPSC data will be 

described in the remainder of this chapter. 

 

5.5 Differentiation of hiPSC into presumptive dopaminergic neurons 

Differentiation of hiPSC into presumptive DA neurons is a time consuming process. A 

schematic representation of the differentiation process describing the different steps is 

depicted in Figure 5.5.1.  
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Figure 5.5.1. Schematic overview of hiPSC differentiation process into presumptive dopamine 

neurons. This schematic overview shows the time needed to induce NPC generation 

(presumptively) from undifferentiated hiPSC colonies and differentiation of NPC into 

presumptive DA neurons. AA = ascorbic acid, BDNF = brain-derived neurotrophic factor, 

dbcAMP = dibutyryladenosine 3′, 5′-cyclic monophosphate sodium salt, EGF = epidermal 

growth factor, FGF8b = fibroblast growth factor 8b, GDNF = glial cell line-derived 

neurotrophic factor, hiPSC = human induced pluripotent stem cells, hLIF = human leukaemia 

inhibitory factor, NPC = neuronal precursor cells, SHH = Sonic Hedgehog. 

 

In order to maintain the undifferentiated and pluripotent state of undifferentiated 

hiPSC, colonies were grown on a feeder layer of MEF first (Yue et al., 2012). 

Colonies grew on top of the MEF and MEF were seen surrounding the colonies 

(Figure 5.5.2 A). However, hiPSC cannot be differentiated when maintained on feeder 

cells and need to be cultured feeder free to do so. Undifferentiated colonies were 

manually picked and transferred to Matrigel coated plates. To diminish the risk of 

contamination of hiPSC, colonies maintained on Matrigel were picked and replated on 

fresh Matrigel coated plates to get rid of any remaining MEF. Feeder free cultured 

hiPSC colonies displayed well defined borders unlike colonies grown on MEF (Figure 

5.5.2 B). 
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Figure 5.5.2. Differentiation of hiPSC into presumptive dopaminergic neurons. 

Undifferentiated hiPSC can be differentiated into presumptive DA neurons by following a 

specific protocol. (A) Undifferentiated PD hiPSC colony on MEF. (B) Undifferentiated PD 

hiPSC colony on Matrigel. (C) Induction of PD NPC (presumptively) after 1 week. (D) Fully 

matured PD NPC (presumptively). (E) Midbrain phenotype induction of presumptive NPC 

after 2 weeks. (F) Terminally differentiated presumptive dopaminergic PD neurons. Phase 

contrast images were taken using a Nikon TMS microscope, magnification = 10x. Data 

represents one out of a total of three independent experiments. 
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Undifferentiated hiPSC colonies are labour intensive and have the potential to 

differentiate spontaneously. Fortunately, undifferentiated hiPSC colonies can be 

differentiated into a more stable line, namely NPC. NPC can develop into subtype-

specific neuronal identities and maintain their broad differentiation potential and high 

neurogenic propensity even after repeated passaging and long-term expansion (Li et 

al., 2011). Induction of presumptive NPC was carried out by treating undifferentiated 

hiPSC colonies with a combined treatment of hLIF, known for its ability to suppress 

spontaneous differentiation, a glycogen synthase kinase 3 (GSK3) inhibitor 

(CHIR99021) that can activate canonical Wnt signalling, and a transforming growth 

factor β (TGF-β) inhibitor (SB431542) for 6 weeks. A clear transition from colony to 

the formation of single cells could already be seen after 1 week of presumptive NPC 

induction (Figure 5.5.2 C). Fully matured presumptive NPC were maintained on 

Matrigel and were subcultured once a week (Figure 5.5.2 D). 

 

Differentiation of presumptive NPC into presumptive dopaminergic neurons was 

carried out as described by Kriks and colleagues with some adaptions (Kriks et al., 

2011). Presumptive NPC were driven towards a midbrain phenotype by culturing 

them in the presence of human epidermal growth factor (EGF), human fibroblast 

growth factor 8b (FGF8b), Sonic Hedgehog (SHH), and ascorbic acid (AA). hiPSC 

displayed a clear change from presumptive NPC to a more neuronlike state with the 

development of axons after 2 weeks of midbrain phenotype induction (Figure 5.5.2 E). 

Terminal differentiation into presumptive DA neurons was carried out by removal of 

the earlier used growth factors after 2 weeks and introduction of the cells to human 

brain-derived neurotrophic factor (BDNF), glial cell line-derived neurotrophic factor 

(GDNF), dibutyryladenosine 3′,5′-cyclic monophosphate sodium salt (dbcAMP), and 
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AA for 4 weeks. This led to the transformation of presumptive NPC into mature 

looking neurons with axons that should express the dopaminergic markers dopamine 

transporter (DAT) and tyrosine hydroxylase (TH) (Figure 5.5.2 F). 

 

Given the long differentiation period of hiPSC, the majority of the experiments as 

described in this chapter were carried out using presumptive NPC. NPC represent a 

neuronal cell population and therefore similarities in findings are expected between 

presumptive NPC and presumptive NPC differentiated into presumptive DA neurons. 

 

5.6. FCCP induces autophagy, but not mitophagy, in presumptive 

NPC 

To investigate how autophagy and mitophagy are regulated upon FCCP treatment in 

presumptive NPC generated from a healthy patient (will be called control NPC in 

remainder of thesis) and presumptive NPC generated from a PD patient, a time course 

was carried out. Control and PD presumptive NPC presented with a similar phenotype 

and prolonged 5 µM FCCP treatment did not lead to changes in cell morphology or 

detachment of cells (Figure 5.6.1).  
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Figure 5.6.1. FCCP exposure does not affect presumptive NPC morphology. FCCP treatment 

does not lead to cell detachment or changes in cell morphology of control (Ctr) and PD 

presumptive NPC. Presumptive NPC were treated with 5 µM FCCP and phase contrast 

images were taken at indicated time points using a Nikon TMS microscope, magnification = 

20x. Data represents one out of a total of three independent experiments. 
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Preliminary RT-qPCR data showed that 5 µM FCCP increased Parkin mRNA 

expression over time in control presumptive NPC (Figure 5.6.2, white bars). On the 

contrary, PD presumptive NPC had reduced Parkin mRNA expression at 2 hours of 

FCCP treatment, which did not return to control levels, even after 24 hours. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6.2. FCCP-mediated effects on Parkin mRNA expression differs between control and 

PD presumptive NPC. FCCP treatment leads to increased Parkin mRNA expression over time 

in control presumptive NPC, whereas PD presumptive NPC have reduced Parkin mRNA 

expression. Control and PD presumptive NPC were treated with 5 µM FCCP for indicated 

time points after which RNA was isolated. Parkin mRNA expression levels were normalised 

to the housekeeping gene 18s and are depicted as fold increase (2^-ΔΔCt). Data represents 

one experiment. 

 

At the protein level, both control and PD presumptive NPC showed increased Parkin 

expression at 2 hours of 5 µM FCCP treatment, which, except for PD presumptive 

NPC at 24 hours displaying Parkin degradation, decreased to basal levels at later time 

points (Figure 5.6.3 A). FCCP also induced a small increase in PINK1 expression 
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throughout the time course, however, it is unknown whether FCCP induced 

mitophagy in presumptive NPC since Parkin was not clearly degraded. 

 

PD presumptive NPC had a higher basal expression of p62 (arrow) compared to 

control presumptive NPC, which was degraded upon FCCP treatment. This was 

accompanied by a small increase in LC3B-II accumulation and therefore suggests 

activation of autophagy. Control presumptive NPC showed p62 accumulation at 8 

hours of FCCP treatment, which was followed by a decrease at 24 hours, but there 

was no degradation. Increased p62 expression was associated with reduced LC3B-II 

accumulation and p62 reduction resulted in increased LC3B turnover, suggesting 

FCCP induced autophagy that was temporarily blocked at 8 hours of treatment. 

Lysosomal associated membrane protein 1 (LAMP1) was degraded in both control 

and PD presumptive NPC, however, PD presumptive NPC showed higher rates of 

degradation at 8 and 24 hours of FCCP treatment. 
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Figure 5.6.3 (A). FCCP induces autophagy in presumptive NPC. FCCP induces autophagy in 

both control (Ctr) and PD presumptive NPC, based on p62 degradation and increased LC3B 

turnover, whereas it is unclear whether it induces mitophagy as well since Parkin is not clearly 

degraded besides the observed Parkin degradation in PD presumptive NPC at 24 hours of 

FCCP treatment. Presumptive NPC were treated with 5 µM FCCP for indicated time points. 

Protein lysates (30 µg) were probed for the mitophagy marker proteins Parkin and PINK1, 

and autophagy marker proteins LAMP1, p62, and LC3B. β-actin was used as loading control. 

p62 expression is indicated by the arrow. Data represents one out of a total of three 

independent experiments. 

 

After normalising protein expression to corresponding β-actin levels, no increase was 

observed in Parkin expression at 2 hours of FCCP treatment in both control and PD 

presumptive NPC (Figure 5.6.3 B). Parkin was stably expressed in control 

presumptive NPC besides being degraded at 8 hours of treatment. In PD presumptive 

NPC, on the other hand, a small decrease in Parkin expression was seen. LC3B-II 

accumulation was significantly increased at 8 hours of FCCP treatment in both control 

and PD presumptive NPC (p<0.05). 
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Figure 5.6.3 (B). FCCP induces autophagy in presumptive NPC. Parkin and LC3B-II 

densitometry normalised to corresponding β-actin levels. Densitometric analysis was pooled 

from three independent experiments and data is shown as percentage of control. Error bars = 

SEM, one-way ANOVA, *p<0.05. 

 

To determine whether FCCP was capable of inducing mitochondrial degradation in 

presumptive NPC, expression of mitochondrial markers was investigated. In control 

presumptive NPC, TOM20 was degraded only at 24 hours of 5 µM FCCP treatment, 

whereas TOM20 was degraded in PD presumptive NPC at all time points (Figure 

5.6.4 A). Similar to TOM20, TIM23 was only degraded at 24 hours of FCCP 

treatment in control presumptive NPC, while TIM23 expression was reduced at 2 
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hours and 8 hours, before reaching basal levels at 24 hours of treatment, in PD 

presumptive NPC. Interestingly, PD presumptive NPC had higher basal TIM23 

expression compared to control presumptive NPC. VDAC1 expression was increased 

in both control and PD presumptive NPC upon FCCP treatment with the biggest 

increase at 8 hours. PD presumptive NPC had a higher increase in VDAC1 expression 

than control presumptive NPC. 

 

 

 

 

 

 

 

 

Figure 5.6.4 (A). FCCP does not induce mitochondrial degradation in presumptive NPC. 

FCCP treatment does not lead to degradation of the mitochondrial markers TOM20, TIM23, 

and VDAC1 in control (Ctr) and PD presumptive NPC. Note that PD presumptive NPC had 

higher basal expression of TIM23 and VDAC1. Presumptive NPC were treated with 5 µM 

FCCP for indicated time points. Protein lysates (30 µg) were probed for mitochondrial marker 

proteins TOM20, TIM23, and VDAC1. β-actin was used as loading control. Data represents 

one out of a total of three independent experiments. 

 

Densitometry showed that only VDAC1 expression was affected by FCCP treatment 

in control presumptive NPC (Figure 5.6.4 B). VDAC1 expression was significantly 

increased at 8 hours (p<0.05) and 24 hours (p<0.01) of FCCP treatment. 

 

 

 



175 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6.4 (B). FCCP does not induce mitochondrial degradation in presumptive NPC. 

TOM20, TIM23, and VDAC1 densitometry normalised to corresponding β-actin levels. 

Densitometric analysis was pooled from three independent experiments and data is shown as 

percentage of control. Error bars = SEM, one-way ANOVA, *p<0.05, **p<0.01. 
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To investigate whether FCCP was capable of inducing mitochondrial fragmentation in 

presumptive NPC, mitochondria were visualised by epifluorescence microscopy. 

Dispersed TOM20 staining revealed that mitochondria were fragmented in control 

presumptive NPC upon 5 µM FCCP treatment (Figure 5.6.5). Fragmentation was 

observed at 2 hours of FCCP treatment and was increased at 24 hours. PD 

presumptive NPC already presented with dispersed TOM20 staining under basal 

conditions, which was worsened upon FCCP treatment.  
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Previous Page: Figure 5.6.5. Mitochondria fragment upon FCCP treatment. FCCP treatment 

leads to dispersed TOM20 staining, indicating fragmentation of mitochondria, in both control 

and PD presumptive NPC with increased amounts of mitochondrial fragmentation seen at 

later time points. Note that PD presumptive NPC already show dispersed TOM20 staining 

under basal conditions. Presumptive NPC were treated with 5 µM FCCP for indicated time 

points before fixation of the cells. Mitochondria were visualised by TOM20 staining (red) and 

nuclei are labelled with DAPI (blue). Data represents one experiment. Magnification = 60x, 

scale bar = 20 µm. 

 

5.7 Inhibition of lysosomal degradation affects basal turnover of 

TOM20 and VDAC1 in presumptive NPC 

The effects of autophagic inhibition on expression of autophagy related proteins and 

mitochondrial markers were also investigated in presumptive NPC. Autophagy was 

inhibited by Baf A1 treatment (100 nM), which did not lead to a change in cell 

morphology or cellular detachment in control and PD presumptive NPC (Figure 

5.7.1). 
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Figure 5.7.1. Prevention of lysosomal degradation does not change presumptive NPC cell 

morphology. Inhibition of autophagy by prevention of autophagic cargo degradation by Baf 

A1 does not alter cell morphology nor does it lead to detachment of control (Ctr) and PD 

presumptive NPC. Control and PD presumptive NPC were treated with 100 nM Baf A1. 

Phase contrast images were taken at indicated time points using a Nikon TMS microscope, 

magnification = 10x. Data represents one out of a total of four independent experiments. 



180 
 

A Baf A1 time course showed that the late stage of autophagy was effectively 

inhibited as seen by p62 and LC3B-II accumulation in both control and PD 

presumptive NPC (Figure 5.7.2). p62 accumulation was observed at an earlier time 

point (2 hours) in PD presumptive NPC than in control presumptive NPC (8 hours). 

Increased conversion of LC3B-I to LC3B-II took place at 8 hours and peaked at 24 

hours of treatment. Increased LAMP1 expression upon Baf A1 treatment suggests that 

the population of lysosomes increased upon autophagic inhibition. Parkin expression 

in control presumptive NPC fluctuated from a small reduction at 2 hours and 24 hours 

of treatment to basal levels at 8 hours. PD presumptive NPC displayed a small 

increase in Parkin expression at observed time points. PINK1 expression was 

decreased over time in both control and PD presumptive NPC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.7.2. Baf A1 inhibits autophagy in presumptive NPC. Baf A1 treatments leads to p62 

and LC3B-II accumulation in both control and PD presumptive NPC, indicating autophagy is 

inhibited. Baf A1 also increases LAMP1 expression, decreases PINK1 expression and leads to 

fluctuations in Parkin expression. Presumptive NPC were treated with 100 nM Baf A1 for 

indicated time points. Protein lysates (30 µg) were probed for mitophagy marker proteins 

Parkin and PINK1, and autophagy marker proteins LAMP1, p62, and LC3B. β-actin was used 

as loading control. Data represents one out of a total of four independent experiments. 
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TOM20 expression increased upon Baf A1 treatment in control presumptive NPC, 

while in PD presumptive NPC, TOM20 expression was only increased at 2 hours of 

treatment and decreased to basal expression levels at later time points (Figure 5.7.3 

A). TIM23 expression was unaffected by Baf A1 treatment in both control and PD 

presumptive NPC, whereas VDAC1 accumulated over time. 

 

 

 

 

 

 

 

 

 

Figure 5.7.3 (A). Baf A1 inhibits basal turnover of TOM20 and VDAC1. Inhibition of 

autophagic degradation by Baf A1 inhibits basal turnover of TOM20 in both control and PD 

presumptive NPC and VDAC1 in control presumptive NPC only. VDAC1 was degraded in 

PD presumptive NPC at 24 hours of treatment, whereas TIM23 expression was not affected 

by Baf A1. Presumptive NPC were treated with 100 nM Baf A1 for indicated time points. 

Protein lysates (30 µg) were probed for mitochondrial marker proteins TOM20, TIM23, and 

VDAC1. β-actin was used as loading control. Data represents one out of a total of four 

independent experiments. 

 

Densitometric analysis revealed that TOM20 expression was significantly increased at 

8 hours (p<0.01) and 24 hours (p<0.05) of Baf A1 treatment in control presumptive 

NPC (Figure 5.7.3 B). VDAC1 was accumulated in control presumptive NPC at 2 

hours of treatment (p<0.05), after which its expression returned to basal levels. 
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Figure 5.7.3 (B). Baf A1 inhibits basal turnover of TOM20 and VDAC1. TOM20, TIM23, and 

VDAC1 densitometry normalised to corresponding β-actin levels. Densitometric analysis was 

pooled from four independent experiments and data is shown as percentage of control. Error 

bars = SEM, one-way ANOVA, *p<0.05, **p<0.01. 
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5.8 Proteasomal or autophagic inhibition does not affect expression 

of mitochondrial markers upon FCCP treatment 

Combined treatment of FCCP, MG132, and Baf A1 was carried out to see if FCCP-

induced effects are attributable to the autophagy or the proteasomal pathway. 

Different combinations of the reagents did not lead to morphological differences or 

detachment of control and PD presumptive NPC (Figure 5.8.1). 

 

FCCP treatment (5 µM) for 8 hours did not result in Parkin degradation nor PINK1 

accumulation as observed previously (Figure 5.8.2). PD presumptive NPC had a 

higher basal expression of Parkin and higher Parkin expression upon FCCP treatment, 

but Parkin expression was increased in control presumptive NPC upon FCCP 

treatment as well. p62 expression (arrow) was decreased in both control and PD 

presumptive NPC, suggesting activation of autophagy, however, this was not 

associated with LC3B turnover. Combined treatment of 5 µM FCCP and 20 µM 

MG132 decreased Parkin expression in both control and PD presumptive NPC when 

compared to FCCP treatment, whereas MG132 did not affect expression of the other 

immunoblotted proteins. Co-treatment of 5 µM FCCP and 100 nM Baf A1 increased 

LAMP1 expression in both control and PD presumptive NPC, but did not result in p62 

and LC3B-II accumulation. There was, however, accumulation of LC3B-I. Both 

Parkin and PINK1 were degraded in control and PD presumptive NPC when 

compared to FCCP treatment. A combination of FCCP, MG132, and Baf A1 did not 

affect the expression of the immunoblotted proteins when compared to FCCP and Baf 

A1 co-treatment besides increased p62 expression in control presumptive NPC. 
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Previous Page: Figure 5.8.1. Autophagic or proteasomal inhibition upon FCCP treatment 

does not affect cell morphology nor does it lead to detachment of presumptive NPC. 

Proteasomal inhibition by MG132 or blockade of autophagic cargo degradation by Baf A1 

does not alter cell morphology nor does it lead to detachment of control (Ctr) and PD 

presumptive NPC. Presumptive NPC were treated with a combination of 5 µM FCCP, 20 µM 

MG132, or 100 nM Baf A1, for 8 hours. Phase contrast images were taken using a Nikon 

TMS microscope, magnification 10x. Data represents one out of a total of three independent 

experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8.2. Treatment of FCCP with or without MG132 does not lead to LC3B-II 

accumulation in presumptive NPC. Compared to FCCP treatment, combined treatment of 

FCCP and MG132 decreases Parkin expression, whereas LAMP1 and LC3B-I expression are 

increased upon FCCP and Baf A1 treatment. Mitophagy is likely not induced since Parkin is 

not degraded and PINK1 expression is not increased upon FCCP treatment. Presumptive NPC 

were treated with either 5 µM FCCP, 20 µM MG132, 100 nM Baf A1, or a combination, for 8 

hours. Protein lysates (30 µg) were probed for mitophagy marker proteins Parkin and PINK1, 

and autophagy marker proteins LAMP1, p62, and LC3B. β-actin was used as loading control. 

p62 expression is indicated by the arrow. Data represents one out of a total of two 

independent experiments. 
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After repeating the experiment, it became evident that protein expression of 

immunoblotted proteins differed (Figure 5.8.3). FCCP treatment resulted in LC3B 

lipidation that was increased upon co-treatment with MG132. LAMP1 was increased 

in both control and PD presumptive NPC upon FCCP treatment, which did not change 

when co-treated with MG132. Decreased LAMP1 expression was found in PD 

presumptive NPC upon combined treatment with FCCP and Baf A1, and in both 

control and PD presumptive NPC when MG132 was added as well. Basal Parkin 

expression was not increased in PD presumptive NPC, but did degrade upon FCCP 

treatment. 

 

 

 

 

 

 

 

 

 

Figure 5.8.3. Treatment of FCCP with or without MG132 leads to LC3B-II accumulation in 

presumptive NPC. Regardless of MG132, FCCP treatment results in LC3B-II accumulation 

and increased LAMP1 expression in control and PD presumptive NPC. Parkin expression 

increases in PD presumptive NPC upon FCCP treatment, while addition of Baf A1 decreases 

LAMP1 expression when compared to FCCP treatment. Note that the described results differ 

from Figure 5.8.2. Presumptive NPC were treated with either 5 µM FCCP, 20 µM MG132, 

100 nM Baf A1, or a combination, for 8 hours. Protein lysates (30 µg) were probed for 

mitophagy marker proteins Parkin and PINK1, and autophagy marker proteins LAMP1, p62, 

and LC3B. β-actin was used as loading control. p62 expression is indicated by the arrow. Data 

represents one experiment. 
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Densitometric analysis of protein expression normalised to corresponding β-actin 

levels shows that LAMP1 expression followed a similar pattern in control and PD 

presumptive NPC (Figure 5.8.4). All treatments led to increased LAMP1 expression. 

Similar to LAMP1, Parkin expression was increased by all treatments in control 

presumptive NPC. In PD presumptive NPC, on the other hand, Parkin expression was 

decreased by the different treatments. PD presumptive NPC also had a higher basal 

expression of Parkin. LC3B-II accumulation was increased by all conditions in both 

control and PD presumptive NPC. 
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Figure 5.8.4. Parkin is degraded in PD presumptive NPC upon co-treatment of FCCP and 

either MG132, Baf A1, or both. LAMP1, Parkin, and LC3B-II densitometry normalised to 

corresponding β-actin levels. Densitometric analysis was pooled from two independent 

experiments as shown in Figure 5.8.2 and data is shown as percentage of control. Error bars = 

SEM. 
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As shown previously, FCCP treatment did not lead to degradation of the 

mitochondrial markers TOM20, TIM23, and VDAC1 in both control and PD 

presumptive NPC (Figure 5.8.5 A). TOM20 showed a further accumulation in both 

control and PD presumptive NPC upon co-treatment with either MG132, Baf A1, or 

both. Co-treatment of FCCP with either Baf A1 or Baf A1 and MG132 led to TIM23 

degradation in control presumptive NPC, whereas TIM23 expression was decreased in 

all conditions in PD presumptive NPC. FCCP and MG132 co-treatment led to 

VDAC1 degradation in PD presumptive NPC, however, VDAC1 expression was 

unaffected by the other treatments in both control and PD presumptive NPC. 

 

 

 

 

 

 

 

 

 

Figure 5.8.5 (A). Proteasomal or autophagic inhibition does not affect FCCP-induced 

changes in expression of mitochondrial markers. FCCP treatment does not lead to degradation 

of the mitochondrial markers TOM20, TIM23, and VDAC1. Proteasomal inhibition by 

MG132 or blockade of autophagic cargo degradation by Baf A1 do not have substantial 

effects on the expression of the mitochondrial markers. Presumptive NPC were treated with 

either 5 µM FCCP, 20 µM MG132, 100 nM Baf A1, or a combination, for 8 hours. Protein 

lysates (30 µg) were probed for mitochondrial marker proteins TOM20, TIM23, and VDAC1. 

β-actin was used as loading control. Data represents one out of a total of three independent 

experiments. 
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Densitometry showed that TOM20, TIM23, and VDAC1 expression were not 

significantly affected by the different treatments in both control and PD presumptive 

NPC (Figure 5.8.5 B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8.5 (B). Proteasomal or autophagic inhibition does not affect FCCP-induced 

changes in expression of mitochondrial markers. TOM20, TIM23, and VDAC1 densitometry 

normalised to corresponding β-actin levels. Densitometric analysis was pooled from three 

independent experiments and data is shown as percentage of control. Error bars = SEM, one-

way ANOVA. 
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5.9 Preliminary analysis of FCCP-mediated degradation of 

mitochondrial markers in presumptive dopaminergic neurons 

Control and PD presumptive NPC were differentiated into presumptive DA neurons 

and were treated with either FCCP or Baf A1 for 6 hours to examine their effects on 

autophagy and mitochondrial degradation. Preliminary data showed that Parkin nor 

PINK1 expression in control presumptive DA neurons was affected by 5 µM FCCP 

treatment, suggesting mitophagy was not induced (Figure 5.9.1 A). Decreased 

LAMP1 and p62 expression, and LC3B lipidation, suggests FCCP activated 

autophagy. Baf A1 treatment (100 nM) did not lead to p62 and LC3B-II accumulation, 

which could be due to low protein expression based on β-actin expression levels. 

 

FCCP treatment was cytotoxic to PD presumptive DA neurons and therefore resulted 

in low protein expression. Baf A1 treatment increased Parkin and PINK1 expression 

and no build-up of LC3B-II and p62 degradation, rather than accumulation, suggests 

autophagy was not inhibited. Note that control presumptive DA neurons have higher 

levels of cleaved PINK1 (lower band) compared to PD presumptive DA neurons. 
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Figure 5.9.1 (A). FCCP induces autophagy in control presumptive dopaminergic neurons. 

FCCP treatment does not decrease Parkin or increase PINK1 expression and might therefore 

not induce mitophagy in control and PD presumptive DA neurons. Decreased p62 expression 

and increased LC3B-II accumulation shows that FCCP activates autophagy in control 

presumptive DA neurons. Baf A1 treatment might not inhibit autophagy in both control and 

PD presumptive DA neurons. Presumptive NPC were differentiated for 8 weeks to induce 

presumptive DA neuron formation. Presumptive DA neurons were treated with 5 µM FCCP 

or 100 nM Baf A1 for 6 hours. Protein lysates (30 µg) were probed for mitophagy marker 

proteins Parkin and PINK1, and autophagy marker proteins LAMP1, p62, and LC3B. β-actin 

was used as loading control. Data represents one experiment. 

 

Densitometric analysis showed that Baf A1 treatment caused increased p62 expression 

and LC3B-II accumulation in control presumptive DA neurons, indicating it did 

inhibit autophagy, whereas PD presumptive DA neurons were unaffected by Baf A1 

(Figure 5.9.1 B). FCCP-mediated LC3B-II accumulation in control presumptive DA 

neurons was similar to Baf A1-induced LC3B-II accumulation. PD presumptive DA 
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neurons had increased p62 and LC3B-II expression upon FCCP treatment, indicating 

autophagy could be inhibited in these cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9.1 (B). FCCP induces autophagy in control presumptive dopaminergic neurons. 

p62 and LC3B-II densitometry normalised to corresponding β-actin levels. Data is shown as 

percentage of control and represents one experiment. 

 

Despite the lack of Parkin degradation and PINK1 accumulation, mitophagy was 

induced in control presumptive DA neurons by FCCP treatment (Figure 5.9.2 A). 

TOM20, TIM23, and VDAC1 all showed FCCP-induced degradation, whereas Baf 

A1 treatment likely increased their expression when low β-actin levels are taken into 

account. The effects of FCCP on degradation of the mitochondrial markers in PD 
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presumptive DA neurons is not clear, but inhibition of autophagic cargo degradation 

by Baf A1 increased TIM23 expression. 

 

 

 

 

 

 

 

 

 

 

Figure 5.9.2 (A). Control presumptive dopaminergic neurons show FCCP-mediated 

degradation of mitochondrial markers. Control, and not PD, presumptive DA neurons show 

FCCP-mediated degradation of TOM20, TIM23, and VDAC1. Prevention of autophagic 

cargo degradation by Baf A1 blocks basal turnover of the mitochondrial markers. Presumptive 

NPC were differentiated for 8 weeks to induce presumptive DA neuron formation. 

Presumptive DA neurons were treated with 5 µM FCCP or 100 nM Baf A1 for 6 hours. 

Protein lysates (30 µg) were probed for mitochondrial markers TOM20, TIM23, and VDAC1. 

Same β-actin blot from Figure 5.9.1 A was used since these were the same extracts. Data 

represents one experiment. 

 

FCCP-mediated degradation of TOM20, TIM23, and VDAC1 in control presumptive 

DA neurons was confirmed by densitometric analysis (Figure 5.9.2 B). Densitometry 

also showed that basal turnover of these proteins was blocked by Baf A1. On the other 

hand, PD presumptive DA neurons had increased TOM20, TIM23, and VDAC1 

expression upon FCCP treatment. Baf A1 treatment did not induce accumulation of 

TOM20, but did accumulate TIM23 and VDAC1. 
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Figure 5.9.2 (B). Control presumptive dopaminergic neurons show FCCP-mediated 

degradation of mitochondrial markers. TOM20, TIM23, and VDAC1 densitometry 

normalised to corresponding β-actin levels. Data is shown as percentage of control and 

represents one experiment. 
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5.10 Preliminary analysis of proteasomal and autophagic inhibition 

shows partial rescue of FCCP-induced TOM20 and TIM23 

degradation in PD presumptive dopaminergic neurons 

To investigate if the proteasomal or autophagic pathway are involved in FCCP-

mediated degradation of mitochondrial markers in control presumptive DA neurons 

and to determine whether inhibition affects accumulation of mitochondrial markers in 

PD presumptive DA neurons, control and PD presumptive DA neurons were treated 

with FCCP, MG123 and/or Baf A1 for 8 hours. PD presumptive DA neurons had a 

more organised looking neuronal network upon different treatments than control 

presumptive DA neurons (Figure 5.10.1). Treatments resulted in a small increase in 

cellular detachment of both control and PD presumptive DA neurons, however, most 

neurons looked unaffected. 
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Previous Page: Figure 5.10.1. Autophagic or proteasomal inhibition upon FCCP treatment 

increases detachment of presumptive dopaminergic neurons. Proteasomal inhibition by 

MG132 or blockade of the late phase of autophagy by Baf A1 leads to a small increase in 

cellular detachment of control (Ctr) and PD presumptive DA neurons. Presumptive NPC were 

differentiated for 5 weeks to induce presumptive DA neuron formation. Presumptive DA 

neurons were treated with a combination of 5 µM FCCP, 20 µM MG132, or 100 nM Baf A1, 

for 8 hours. Phase contrast images were taken using a Nikon TMS microscope, magnification 

= 10x. Data represents one experiment. 

 

Preliminary results show that control presumptive DA neurons had higher basal 

LAMP1 expression, Parkin expression, and increased LC3B conversion compared to 

PD presumptive DA neurons (Figure 5.10.2 A). FCCP (5 µM) caused Parkin 

degradation and PINK1 accumulation in control presumptive DA neurons. 

Degradation of LAMP1 and possible degradation of p62 together with LC3B 

lipidation indicates activation of autophagy. Co-treatment with 20 µM MG132 

prevented PINK1 accumulation, but did not affect Parkin degradation or activation of 

autophagy. Co-treatment of FCCP and 100 nM Baf A1 also prevented increased 

PINK1 expression, but did not inhibit autophagy since p62 and LC3B-II did not 

accumulate. Combined MG132 and Baf A1 treatment affected FCCP-mediated Parkin 

degradation and PINK accumulation, but no inhibitory effects on autophagy were 

observed. 

 

In PD presumptive DA neurons, FCCP treatment led to increased Parkin expression, 

whereas PINK1 results are inconclusive. p62 expression and LC3B turnover differed 

between duplicates, making it difficult to observe the effects of FCCP on autophagy. 

Co-treatment with either MG132 or Baf A1 decreased FCCP-induced Parkin 

accumulation, but did not affect expression of other immunoblotted proteins. 

Combined treatment of FCCP, MG132, and Baf A1 led to Parkin and PINK1 
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degradation, but no changes were seen in either p62 or LC3B expression compared to 

control conditions. LAMP1 expression was unaffected by the different treatments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10.2 (A). Control and PD presumptive dopaminergic neurons respond differently to 

proteasomal or autophagic inhibition upon FCCP treatment. Differences in protein 

expression of the immunoblotted proteins upon co-treatment of FCCP with either MG132, 

Baf A1, or both, are found between control and PD presumptive DA neurons. Presumptive 

NPC were differentiated for 5 weeks to induce presumptive DA neuron formation. 

Presumptive DA neurons were treated with a combination of 5 µM FCCP, 20 µM MG132, or 

100 nM Baf A1, for 8 hours. Protein lysates (20 µg) were probed for mitophagy marker 

proteins Parkin and PINK1, and autophagy marker proteins LAMP1, p62, and LC3B. β-actin 

was used as loading control. Data represents one experiment. 

 

According to densitometric analysis, Parkin was degraded upon FCCP treatment in 

control presumptive DA neurons and this decrease was not affected by co-treatment 

with either MG132 and/or Baf A1 (Figure 5.10.2 B). In PD presumptive DA neurons, 

on the other hand, Parkin expression was not affected by FCCP or co-treatment of 

FCCP and MG132, while it was decreased upon co-treatment of either FCCP and Baf 

A1 or FCCP, Baf A1, and MG132. Contrary to PD presumptive DA neurons, FCCP-
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mediated p62 degradation was not affected by co-treatment with MG132 and/or Baf 

A1 in control presumptive DA neurons. The largest decrease in p62 expression in PD 

presumptive DA neurons was upon combined treatment of FCCP, MG132, and Baf 

A1, showing that proteasomal inhibition and prevention of autophagic cargo 

degradation did not induce p62 accumulation. LC3B-II accumulation was increased 

upon FCCP treatment and co-treatment of FCCP and MG132 in both control and PD 

presumptive DA neurons. Co-treatment of FCCP and Baf A1 resulted in decreased, 

rather than increased, LC3B-II accumulation. Simultaneous treatment with MG132 

further increased LC3B-II degradation. 
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Figure 5.10.2 (B). Control and PD presumptive dopaminergic neurons respond differently to 

proteasomal or autophagic inhibition upon FCCP treatment. Parkin, p62, and LC3B-II 

densitometry normalised to corresponding β-actin levels. Data is shown as percentage of 

control and represents one experiment. 
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In control presumptive DA neurons, FCCP treatment potentially induced TOM20 

accumulation, whereas TOM20 expression was decreased upon combined treatment 

of FCCP with either MG132, Baf A1, or both (Figure 5.10.3 A). TIM23 expression 

was decreased upon FCCP and Baf A1 treatment, regardless of the addition of 

MG132. The effects of the different treatments on TOM20 and TIM23 expression in 

PD presumptive DA neurons is unknown since no protein bands were observed on the 

immunoblot.   

 

 

 

 

 

 

 

Figure 5.10.3 (A). FCCP induces TIM23, but not TOM20, degradation in control 

presumptive dopaminergic neurons. TIM23 is degraded upon FCCP treatment in control 

presumptive DA neurons and proteasomal and/or late autophagy inhibition leads to reduced 

TOM20 and TIM23 expression. The effects of the different treatments on TOM20 and TIM23 

expression in PD presumptive DA neurons is unknown. Presumptive NPC were differentiated 

for 5 weeks to induce presumptive DA neuron formation. Presumptive DA neurons were 

treated with a combination of 5 µM FCCP, 20 µM MG132, or 100 nM Baf A1, for 8 hours. 

Protein lysates (20 µg) were probed for mitochondrial marker proteins TOM20 and TIM23. 

Same β-actin blot from Figure 5.10.2 A was used since these were the same extracts. Data 

represents one experiment. 

 

Densitometry showed that when protein expression was normalised to corresponding 

β-actin levels, TOM20 was degraded in control presumptive DA neurons upon all 

treatments except FCCP (Figure 5.10.3 B). FCCP led to TIM23 degradation, 
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regardless of inhibition of autophagic cargo degradation by Baf A1. MG132 reduced 

FCCP-induced TIM23 degradation, but this was abolished by Baf A1. PD 

presumptive DA results were not analysed by densitometry since no protein bands 

were observed on the immunoblot (see Figure 5.10.3 A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Figure 5.10.3 (B). FCCP induces TIM23, but not TOM20, degradation in control 

presumptive dopaminergic neurons. TOM20 and TIM23 densitometry of control presumptive 

DA neurons normalised to corresponding β-actin levels. Data is shown as percentage of 

control and represents one experiment. 
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5.11 Discussion 

Little research has been done so far regarding mitophagy and autophagy in mESC 

(Guan et al., 2013). Results described herein show that autophagy can be successfully 

induced or inhibited with commonly used reagents in undifferentiated mESC (Figure 

5.1.1 A & B), which is in accordance with a study using human ESC (Tra et al., 

2011). Besides being important for turnover of cellular proteins, autophagy in ESC is 

likely important for self-renewal, pluripotency, differentiation, and quiescence of ESC 

(Phadwal et al., 2013). 

 

A time course showed that autophagy was inhibited upon 4 hours of FCCP treatment, 

but that undifferentiated mESC were able to overcome this blockade at later time 

points (Figure 5.2.1 A & B). p62 expression increased upon FCCP treatment (Figure 

5.1.1 A & B), raising the question if FCCP induced de novo p62 synthesis as seen in 

SH-SY5Y cells (see Chapter 3). Mitochondrial depolarisation led to increased PINK1 

expression and possibly reduced Parkin expression, however, Parkin expression was 

difficult to detect (Figure 5.2.1 A, Figure 5.4.1 A). It is possible that mESC have low 

endogenous Parkin expression or that the used antibody was not sensitive enough, 

which resulted in difficulties in its detection.  

 

Increased PINK1 and potentially decreased Parkin expression upon FCCP treatment 

suggests mitophagy was induced. Nevertheless, FCCP treatment did not lead to 

degradation of the mitochondrial marker VDAC1, which could indicate that 

mitochondria were not broken down or that mitophagy was not activated (Figure 5.4.1 

A & B). Mitochondrial VDAC1 is a target of Parkin-dependent ubiquitination and is 

normally degraded when mitophagy is active (Geisler et al., 2010, Sun et al., 2012). A 
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potential explanation could be that low endogenous Parkin expression in 

undifferentiated mESC might not be sufficient to induce VDAC1 degradation. 

However, VDAC1 could also not be a good marker for monitoring mitochondrial 

degradation as seen in SH-SY5Y cells (see Chapter 3). 

 

It is not clear if inhibition of ULK1, which is important for initiation of autophagy, led 

to an autophagic blockade in undifferentiated mESC. Similar to SH-SY5Y cells, 

ULK1 inhibition led to decreased ULK1, PIK3C3, and p62 expression (Figure 5.1.1 

A, Figure 5.4.1 A). LC3B results were inconclusive since LC3B turnover was either 

unaffected or increased (Figure 5.1.1 A, Figure 5.3.1 A & B). PINK1 expression was 

increased, whereas Parkin was only decreased at late time points, suggesting ULK1 

inhibition mimicked mitochondrial damage and led to activation of mitophagy, but 

only after a long incubation period. Basal turnover of VDAC1 was affected by ULK1 

inhibition and its expression was not affected by simultaneous FCCP treatment. The 

involvement of ULK1 has been investigated in mitophagy, which suggests that ULK1 

is required for successful execution of mitophagy, but not in basal turnover of 

mitochondria. Studies done in MEF showed that structures containing ULK1 were 

recruited to depolarised mitochondria and that they were required for recruitment of 

downstream ATG proteins to carry out mitophagy and that ULK1-/- MEF did not 

recruit Parkin to depolarised mitochondria, leading to defects in mitochondrial 

clearance upon CCCP treatment (Joo et al., 2011, Itakura et al., 2012). These studies 

indicate that ULK1 and autophagy are necessary for removal of damaged 

mitochondria and might therefore also be essential for basal turnover of mitochondria. 
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It was difficult to observe if FCCP induced mitophagy in undifferentiated mESC, 

however, it did show the importance of ULK1 for basal turnover of VDAC1. mESC 

only have few mitochondria that are poorly developed, making it difficult to monitor 

mitochondrial processes, which could explain difficulties in monitoring mitophagy 

(Lonergan et al., 2007). Another potential explanation could be the observation that 

PINK1 levels decreased in response to low ATP levels, leading to inactivation of 

Parkin-mediated mitophagy (Lee et al., 2015). Differentiation of ESC would have led 

to increased mitochondrial numbers, giving rise to a mitochondrial pool that is large 

enough to study mitophagy, however, mESC were not differentiated because of 

inconsistent results and culturing difficulties (Cho et al., 2006, Lonergan et al., 2007). 

An explanation for these contradictory results could be spontaneous differentiation of 

the mESC, which was difficult to control for. As a result, human inducible pluripotent 

stem cells (hiPSC) obtained from normal and PD diseased patients were employed 

instead. 

 

Similarly to mESC, mitophagy and autophagy have not been extensively studied in 

NPC and differentiated neurons. Obtained data showed that mitochondria were 

fragmented upon FCCP treatment (Figure 5.6.5), but that FCCP did not lead to a clear 

reduction of Parkin (Figure 5.6.3 A & B). Nevertheless, FCCP led to a small reduction 

in the expression levels of the mitochondrial markers TOM20, TIM23, and VDAC1 in 

presumptive NPC (Figure 5.8.5 A & B). Preliminary results showed that control 

presumptive NPC differentiated into presumptive DA neurons might degrade 

mitochondrial markers upon FCCP treatment, but this is not the case in PD 

presumptive DA neurons (Figure 5.9.2 A & B, Figure 5.10.3 A & B). Literature 

indicates that the mitochondrial poison valinomycin was not successful in induction of 
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detectable mitophagy in hiPS-derived neurons, which could not be rescued by 

overexpression of Parkin (Rakovic et al., 2013). It is possible that PINK1/Parkin 

mitophagy is not carried out in hiPSC, but defects in both PINK1 and Parkin in hiPSC 

have been associated with altered mitochondrial morphology, abnormalities in 

bioenergetics, increased oxidative stress, and no mitochondrial DNA reduction upon 

mitochondrial depolarisation, making it more likely that FCCP and valinomycin were 

not successful inducers of mitophagy (Exner et al., 2007b, Grünewald et al., 2009, 

Seibler et al., 2011, Imaizumi et al., 2012). 

 

Even though FCCP was not a potent inducer of mitophagy, it did activate autophagy 

in presumptive NPC (Figure 5.6.3 A & B), which could be successfully inhibited by 

Baf A1 (Figure 5.7.2). Indeed, it was shown that autophagosomes accumulated in 

NPC upon Baf A1 treatment (Walls et al., 2010). Inhibition of the late phase of 

autophagy showed that it is involved in the basal turnover of the mitochondrial 

markers TOM20 and VDAC1 in control presumptive NPC and TOM20 in PD 

presumptive NPC (Figure 5.7.3 A & B). In presumptive DA neurons, on the other 

hand, autophagy was activated by FCCP in control presumptive DA neurons, but was 

potentially inhibited in PD presumptive DA neurons (Figure 5.9.1 A & B). Inhibition 

of autophagy led to accumulation of TOM20, TIM23, and VDAC1 in control 

presumptive DA neurons and accumulation of TIM23 and VDAC1 in PD presumptive 

DA neurons, indicating autophagy is involved in this process in presumptive DA 

neurons too (Figure 5.9.2 A & B). Degradation of the mitochondrial markers was 

observed upon prevention of autophagic cargo degradation by Baf A1, which was 

exacerbated by proteasomal inhibition by MG132 (Figure 5.10.3 A & B). A possible 
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explanation for this observation could be that the inhibitors induced cytotoxicity, 

which could lead to the release of intracellular contents (Peter et al., 2010). 

 

In short, the hiPSC data showed that differences in response to different treatments 

were observed between control and PD hiPSC. Mitochondria in PD presumptive NPC 

were fragmented and FCCP cytotoxicity was more pronounced in PD presumptive DA 

neurons. Moreover, mitochondrial markers that were degraded in control presumptive 

DA neurons were not degraded in PD presumptive DA neurons upon FCCP treatment. 

This suggests that mitochondria were already affected in PD hiPSC and that removal 

of damaged mitochondria was impaired. 

 

Results were highly variable, which is an inherent difficulty with using the hiPSC 

system. This was most clear in presumptive NPC treated with a combination of FCCP, 

Baf A1, or MG132. LC3B-II expression was not detected on some immunoblots, 

while it was on others (Figure 5.8.2, Figure 5.8.3). This was not due to differences in 

culture age, but could be caused by differences that exist between individual hiPSC 

clones. It was reported that hiPSC clones generated from the same individual in the 

same reprogramming experiment had dissimilar characteristics influencing the cells 

performances for which a solution has not been found yet (Hu et al., 2010). 

 

Use of hiPSC lines comes with several caveats that should be taken into account. The 

two hiPSC lines used in this study were generated from two individuals, meaning that 

generated results cannot be compared with one another since cell lines have a different 

genetic background that might be accountable for observed differences. This could 

possibly be minimised by the use of healthy age-matched individuals, however, these 
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individuals could potentially develop PD or another neurodegenerative disease later 

on in life that could lead to misleading results (Zhao et al., 2014). A better method 

would be to correct PD gene mutations with zinc finger nucleases (ZFN), transcription 

activator-like effector nucleases (TALEN), or clustered regularly interspaced short 

palindromic repeats associated nuclease Cas9 (CRISPR-Cas9), which has already 

been used successfully to correct PD-associated gene mutations in hiPSC (Gaj et al., 

2013, Zhao et al., 2014). However, this method also has its drawbacks since off-target 

effects were reported and lengthy cell expansion could lead to instability of hiPSC 

(Gupta et al., 2011, Laurent et al., 2011, Fu et al., 2013). Furthermore, it can only be 

used when mutations causing the disease are known. Thus, taking the above into 

consideration, it would have been better to correct the PD mutation in order to use the 

same cells for control, but even though cells used in this study were obtained from 

two individuals, significant discrepancies in obtained results could suggest that the 

disease could be liable for detected differences.  

 

The PD hiPSC line used for this study contained a triplication of the α-synuclein gene 

(SNCA) that is known to cause early-onset PD (Singleton et al., 2003). hiPSC were not 

characterised due to lack of time, and therefore NPC and DA neurons used in this 

study are presumptive, but research has shown that PD NPC carrying the SNCA 

triplication presented with normal cellular and mitochondrial morphology (Flierl et 

al., 2014). Nevertheless, altered mitochondrial membrane potential, reduced ATP 

levels, altered mitochondrial bioenergetics, and increased ROS production were 

observed, which could be rescued by knockdown of α-synuclein. Indeed, α-synuclein 

has been found to influence mitochondrial performance on several occasions 

(Nakamura, 2013). Furthermore, NPC displayed an increased amount of aggregate 
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formation, delayed protein import into mitochondria and peroxisomes, increased 

levels of cellular stress, and changes in growth and viability upon starvation or 

mitochondrial damage of NPC. Differentiation of these NPC into DA neurons led to 

accumulation of double the amount of α-synuclein, secretion of more α-synuclein, and 

increased susceptibility to oxidative stress and oxidative stress induced cell death 

(Byers et al., 2011, Devine et al., 2011). A more recent study illustrated that hiPSC 

with SNCA triplication showed impaired neuronal differentiation and maturation, 

reduced neurite outgrowth, and impaired electrophysiological properties, which was 

not reported in previously described papers (Oliveira et al., 2015). A possible 

explanation for observed differences could be use of different protocols and growth 

factors. 

 

The protocol used for differentiation of presumptive NPC into presumptive 

dopaminergic neurons should give rise to neurons expressing neuron specific class III 

β-tubulin (Tuj-1), tyrosine hydroxylase (TH), which is the rate-limiting enzyme in 

synthesis of DA, and Nuclear Receptor Related 1 (NURR1) that is associated with DA 

neuron function and expression of postmitotic DA neuron markers (Kriks et al., 2011, 

Decressac et al., 2013). These studies also showed that generated cultures only had 

few gamma-aminobutyric acid (GABA)- and serotonin-positive neurons and that DA 

neurons were capable of long-term in vitro survival. Furthermore, these neurons 

showed extensive fibre outgrowth, synthesised DA and its metabolites 3, 4-dihydroxy-

phenylacetic acid (DOPAC) and homovanillic acid (HVA), and had robust expression 

of mature neuronal markers including dopamine transporter (DAT) and synapsin. 
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6.0 General discussion 

6.0.1 FCCP activates autophagy and induces clearance of mitochondrial markers 

in SH-SY5Y cells 

Mitophagy describes the selective removal of superfluous and damaged mitochondria 

and is a specialised form of autophagy (Narendra et al., 2010b). PINK1 and Parkin are 

the main proteins involved in mitophagy that detect and clear damaged mitochondria 

as follows. The serine/threonine kinase PINK1 is responsible for sensing damaged 

mitochondria and is under normal conditions imported into all mitochondria by the 

TOM complex on the MOM and the TIM complex on the MIM (Valente et al., 2004, 

Neupert and Herrmann, 2007, Schmidt et al., 2010, Becker et al., 2012). There PINK1 

is cleaved by MPP and PARL, generating a 52-kDa form of PINK1 that can exit 

mitochondria (Jin et al., 2010, Meissner et al., 2011). Once cleaved PINK1 is released 

into the cytosol, it is rapidly degraded by the proteasome and thus PINK1 is 

maintained at very low levels (Yamano and Youle, 2013, Fedorowicz et al., 2014). 

Loss of mitochondrial membrane potential leads to PINK1 accumulation on the MOM 

since it cannot be processed by MPP or PARL anymore, inhibiting PINK1 

degradation (Jin et al., 2010, Narendra et al., 2010b). From there, PINK1 selectively 

recruits the E3-ligase Parkin and activates it by phosphorylation of Parkin and Ub on 

Ser65 (Kim et al., 2008, Kondapalli et al., 2012, Shiba-Fukushima et al., 2012, Iguchi 

et al., 2013, Kane et al., 2014, Kazlauskaite et al., 2014, Koyano et al., 2014, Ham et 

al., 2016, Zhuang et al., 2016, Aguirre et al., 2017). Parkin mainly ubiquitinates MOM 

proteins to cause their degradation, which is likely facilitated by autophagy (Sarraf et 

al., 2013). 

 

Firstly, mitophagy was characterised in SH-SY5Y cells. Damaging mitochondria with 
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the mitochondrial uncoupler FCCP led to increased PINK1 and decreased Parkin 

expression. Degradation of the mitochondrial markers TOM20, TIM23, and VDAC1 

indicated mitophagy was successfully induced. Moreover, visualisation of the 

mitochondrial network showed that FCCP caused mitochondrial fragmentation and 

increased LC3B puncta formation, resembling autophagosomes, which was reported 

previously (Legros et al., 2002, Cereghetti et al., 2010, Geisler et al., 2010, Cheng et 

al., 2016). 

 

Formation of LC3B puncta upon FCCP-induced mitochondrial damage suggests 

activation of autophagy. Indeed, FCCP was a potent inducer of autophagy in SH-

SY5Y cells, which can be observed in other cell types too (Sandoval et al., 2008, Ma 

et al., 2011). FCCP inhibited mTORC1 signalling, which is the master regulator of 

autophagy (Russell et al., 2014). Under nutrient-rich conditions, mTORC1 signalling 

is stimulated by growth factors, leading to phosphorylation of S6K1, which is 

responsible for protein synthesis, thus promoting cell growth (Laplante and Sabatini, 

2009). ERK1/2 regulates tuberous sclerosis complex (TSC) 2, which in turn 

negatively regulates mTORC1 signalling (Ma et al., 2005). ERK1/2 increases 

phosphorylation of TSC2, leading to its inactivation and subsequent activation of 

mTORC1. Thus, decreased S6K1 and increased ERK1/2 phosphorylation both 

implicate inhibition of mTORC1 signalling and activation of canonical autophagy, 

which was shown to take place in SH-SY5Y cells upon FCCP treatment. Moreover, 

FCCP treatment led to increased conversion of LC3B-I to LC3B-II and increased 

formation of LC3B puncta. Cytosolic LC3B is targeted to the isolation membrane 

where it is processed into LC3B-I and subsequently conjugated to PE to form the 

membrane bound LC3B-II, indicating that increased LC3B-II levels represent 
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increased formation of autophagosomes and thus activation of autophagy (Kabeya et 

al., 2000, Mizushima et al., 2001, Fujita et al., 2008b). The final confirmation of 

autophagy activation upon FCCP treatment was given by examining the ubiquitin 

binding protein p62, which binds to ubiquitinated proteins destined for degradation 

and delivers them to the autophagosome by direct binding to LC3B, thereby being 

degraded itself as well (Pankiv et al., 2007). FCCP treatment led to increased, as 

opposed to decreased, expression of p62, however, inhibition of protein synthesis by 

cycloheximide (CHX) showed that FCCP caused de novo p62 synthesis, suggesting 

that more p62 could be needed to keep up with the increasing demand of removal of 

ubiquitinated proteins, which was in line with a recently published study (Ivankovic et 

al., 2016). 

 

6.0.2 Removal of FCCP-damaged mitochondrial markers might not depend on 

canonical autophagy in SH-SY5Y cells 

After establishing autophagy was activated upon FCCP treatment, involvement of 

different proteins deemed necessary for successful execution of autophagy in FCCP-

mediated mitochondrial removal was investigated. ULK1 is the first protein to be 

activated upon mTORC1 inhibition and its activation is important for regulation of the 

downstream autophagy initiation machinery (Russell et al., 2014). In SH-SY5Y cells, 

ULK1 inhibition led to mitochondrial fragmentation, PINK1 accumulation, and Parkin 

degradation, suggesting mitophagy was induced. It has to be noted that observed 

effects of ULK1 inhibition on mitophagy and mitochondria could be due to side 

effects of the used inhibitor and not because of ULK1 inhibition self, since effects of 

the inhibitor were not fully characterised and off-target effects might be observed, 

including inhibition of cell cycle-regulating kinases, receptor and non-receptor 
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tyrosine kinases (unpublished results Murray lab, Appendix III). 

 

When examining the effects of ULK1 inhibition on FCCP-induced mitophagy, onset 

of mitophagy was not affected, however, VDAC1 was accumulated. Unfortunately, 

TOM20 and TIM23 expression was not investigated. VDAC1 did not always show 

degradation upon FCCP treatment and is likely recycled, indicating that it does not 

give an appropriate view of mitochondrial degradation. Even though involvement of 

ULK1 in mitochondrial clearance has been implicated in mitophagy (Egan et al., 

2011, Joo et al., 2011, Itakura et al., 2012), other studies showed non-canonical 

autophagy could have been activated (Kundu et al., 2008, Chen et al., 2013) and that 

neither ULK1 nor its homologue ULK2 were required for Parkin-mediated 

mitochondrial clearance in MEF, suggesting a similar mechanism could be present in 

SH-SY5Y cells (Hammerling et al., 2017). 

 

Of note, when investigating the effects of ULK1 inhibition on FCCP-induced 

mitophagy in SH-SY5Y cells, decreased PIK3C3 expression was observed, which 

could indicate disruption of the PIK3C3 complex. The PIK3C3 complex, consisting of 

Beclin1, hVps15, UVRAG, and ATG14L, lies downstream of the ULK1 complex and 

is responsible for autophagosome formation (Kim et al., 2013, Russell et al., 2013, 

Russell et al., 2014). Immunoprecipitation pointed out that ULK1 inhibition led to 

Beclin1 and PIK3C3 degradation and that increased Ser30 phosphorylated Beclin1 

levels were not associated with the PIK3C3 complex, suggesting a pool of Ser30 

phosphorylated Beclin1 might be involved in other cellular processes. 
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The observation that ULK1 inhibition increased Ser30 phosphorylated Beclin1 levels 

was contradictory to previous results obtained in the Murray lab showing that ULK1 

phosphorylated Beclin1 at Ser30 and that ULK1 inhibition therefore decreased Ser30 

phosphorylated Beclin1 levels, suggesting that this process could be cell type specific. 

Recently, phosphoglycerate kinase 1 (PGK1) was shown to mediate Beclin1 Ser30 

phosphorylation upon glutamine deprivation- and hypoxia-induced autophagy, 

however, it is not known if this happens during mitophagy, and FCCP-induced 

mitophagy in SH-SY5Y cells, as well (Qian et al., 2017). 

 

The effects of PIK3C3 inhibition on FCCP-induced mitochondrial degradation was 

investigated too. Two specific PIK3C3 inhibitors were utilised and successfully 

inhibited autophagy in SH-SY5Y cells, however, basal or FCCP-mediated turnover of 

mitochondrial markers TOM20 and TIM23 were not affected, suggesting non-

canonical autophagy could be involved or that proteasomal degradation of these 

markers was increased. Combined inhibition of PIK3C3 and the proteasome showed 

increased accumulation of the mitochondrial markers, suggesting the proteasome 

plays an important role in mitochondrial degradation, even though induction of 

autophagy and especially increase in LC3B puncta upon FCCP treatment suggest 

autophagy plays a considerable part in successful implementation of mitophagy. 

 

6.0.3 The proteasome is involved in FCCP-induced degradation of mitochondrial 

markers in SH-SY5Y cells 

Lastly, effects of proteasomal inhibition on FCCP-induced mitochondrial degradation 

in SH-SY5Y cells was investigated. Proteasomal inhibition prevented Parkin 

degradation and inhibited FCCP-induced mitophagy as observed by TOM20, TIM23, 
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and VDAC1 accumulation, indicating the ubiquitin-proteasome system (UPS) plays 

an important role in mitophagy, which was confirmed by other studies (Chan et al., 

2011, Yoshii et al., 2011). Research has shown that Parkin is able to induce both K48-

linked and K63-linked polyubiquitination on mitochondria upon CCCP treatment 

(Chan et al., 2011, Narendra et al., 2014), with K48-linked polyubiquitination being 

responsible for UPS activation (Ciechanover and Brundin, 2003), and K63-linked 

polyubiquitination being responsible for triggering autophagy by recruitment of Ub 

binding factors (Ding et al., 2010, Geisler et al., 2010, Lee et al., 2010), indicating 

both autophagy and the UPS are activated upon mitochondrial damage, with the UPS 

being more important for degradation of the mitochondrial markers in SH-SY5Y cells. 

Interplay between UPS and autophagy was further confirmed by a recent study 

showing that fragmented and dysfunctional mitochondria accumulated upon continues 

proteasomal dysfunction, leading to autophagy induction that was ultimately impaired 

upon prolonged proteasome dysfunction (Ugun-Klusek et al., 2017). 

 

The majority of research as described herein was carried out with SH-SY5Y cells, but 

mESC and hiPSC were utilised as well. The obtained mESC results will not be taken 

into account since it was difficult to observe if FCCP induced mitophagy and since 

mESC did not represent a neuronal population because they were not differentiated as 

a result of inconsistent results and culturing difficulties. 

 

6.0.4 Control and PD hiPSC respond differently to FCCP treatment 

hiPSC generated from a healthy and PD affected individual were first differentiated 

into presumptive NPC, which represent a neuronal precursor cell line that can develop 

into subtype-specific neuronal identities (Li et al., 2011). Mitochondria did fragment 
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upon FCCP treatment, but there was no clear reduction of Parkin. Nevertheless, a 

small reduction in the expression levels of the mitochondrial markers was observed 

upon FCCP treatment. FCCP activated autophagy in presumptive NPC too as seen by 

increased lipidation of LC3B-I to LC3B-II and p62 degradation. Inhibition of 

autophagy with Baf A1, a potent inhibitor of the late phase of autophagy by inhibiting 

fusion between autophagosomes and lysosomes, thereby preventing maturation of 

autophagic vacuoles (Yamamoto et al., 1998), led to TOM20 and VDAC1 

accumulation in control presumptive NPC and TOM20 accumulation in PD 

presumptive NPC, indicating autophagy is involved in the basal turnover of these 

mitochondrial markers. 

 

Differentiation of presumptive NPC into presumptive DA neurons, the main affected 

cell type in PD patients, showed similar results as obtained with presumptive NPC. 

FCCP treatment induced autophagy and degradation of mitochondrial markers in 

control presumptive DA neurons, however, it did potentially inhibit autophagy in PD 

presumptive DA neurons, in which no mitochondrial marker degradation was 

observed. Baf A1 treatment led to accumulation of mitochondrial markers in both 

control and PD derived presumptive DA neurons too. Mitochondria were already 

fragmented in PD presumptive NPC and FCCP cytotoxicity was more pronounced in 

PD presumptive DA neurons, suggesting mitochondria were intrinsically damaged. 

Degradation of the mitochondrial markers was observed upon inhibition of autophagy, 

which was exacerbated by proteasomal inhibition. A possible explanation for this 

observation could be that the used inhibitors induced cytotoxicity that could lead to 

the release of intracellular contents (Peter et al., 2010). 
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Inability to induce mitophagy in hiPSC-derived neurons was also reported in 

literature. The mitochondrial poison valinomycin did not induce detectable mitophagy 

in hiPSC-derived neurons, which led the authors to speculate that PINK1/Parkin 

mediated mitophagy is not carried out in hiPSC (Rakovic et al., 2013). A hypothesis 

why neurons might not show PINK1/Parkin-mediated mitophagy or why they do not 

show any mitochondrial loss upon CCCP/FCCP treatment is the fact that these cells 

rely heavily on OXPHOS for energy production, whereas cancerous cells, in which 

most PINK1/Parkin-mediated mitophagy studies have been carried out, rely on 

glycolysis and could potentially tolerate substantial loss of mitochondria (Bolaños, 

2016, Whitworth and Pallanck, 2017). This hypothesis was confirmed by a study 

showing that PINK1/Parkin-mediated mitophagy was greatly inhibited upon loss of 

mitochondrial membrane potential in cells forced to rely on OXPHOS (MacVicar and 

Lane, 2014). This suggests that SH-SY5Y cells could be highly glycolytic since 

PINK1/Parkin-mediated mitophagy can be induced and loss of mitochondrial proteins 

is observed. It is not known if SH-SY5Y cells used for this thesis were glycolytic or 

not, however, research indicates that SH-SY5Y cells rely on glycolysis (Xun et al., 

2012). 

 

6.0.5 Caveats of the study 

Regarding use of hiPSC, several factors need to be taken into account. Firstly, besides 

the fact that used hiPSC lines were obtained from different individuals and therefore 

have a different genetic background, leading to different results, even hiPSC clones 

generated from the same individual in the same reprogramming experiment can have 

dissimilar characteristics, which influences cell performances and could lead to 

variable outcomes (Hu et al., 2010). Secondly, considering the mutation of the PD 
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hiPSC line used for this study is known, this mutation could have been corrected by 

either ZFN, TALEN, or CRISPR-Cas9, generating a new hiPSC line with the same 

genetic background that could have been used as control (Gaj et al., 2013, Zhao et al., 

2014). However, this method also has its drawbacks since off-target effects were 

reported and required lengthy cell expansion could lead to instability of hiPSC (Gupta 

et al., 2011, Laurent et al., 2011, Fu et al., 2013). Lastly, differentiation of hiPSC is a 

time consuming process and optimal protocols are yet to be generated. Different 

protocols lead to differences in the efficiency of generation of desired cell type, 

however, the efficiency could even change between different batches of cells using the 

same protocol, showing one of the difficulties of working with hiPSC (Hu et al., 

2010). For this study, hiPSC were differentiated into presumptive DA neurons since 

those neurons are affected in PD patients (Exner et al., 2012), however, it is unknown 

how efficient the differentiation protocol was and therefore it is unclear how many 

presumptive DA neurons were generated. The hiPSC were possibly differentiated in 

multiple neuronal lineages and obtained results likely reflect changes in a pool of 

different types of neurons (Hu et al., 2010, Zhao et al., 2014). It has to be noted that 

no protocols exist to date that offer near 100 % successful differentiation into the 

preferred cell type and the fact that it is difficult to only select the preferred cell type 

from the pool of differentiated cells indicates that obtained results will include 

processes happening in the other cell types as well. 

 

Another issue needing to be addressed is use of mitochondrial uncouplers such as 

FCCP and CCCP for induction of mitophagy in cell models, since their effects do not 

resemble naturally occurring conditions. Mitochondrial uncouplers affect the entire 

mitochondrial population rather than a specific subgroup, which could even lead to 
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complete mitochondrial elimination upon prolonged treatments in some cell types 

(Narendra et al., 2008). FCCP was shown to be cytotoxic even at low concentrations 

that do not dissipate mitochondrial membrane potential and likely interferes with 

lysosomal degradation of autophagic cargo in the same way CCCP does (Tsiper et al., 

2012, Padman et al., 2013). CCCP generates a lysosomal membrane potential by 

dissipating the pH gradient, leading to collapse of the lysosomal proton gradient. This 

dissipation of the lysosomal pH gradient led to a complete blockade in LC3B-positive 

autophagosome degradation, indicating CCCP inhibits autophagosome clearance and 

that it decreases autophagic flux (Padman et al., 2013). Furthermore, FCCP was 

reported to reduce cytosolic pH as well and this was important for mitophagy 

induction (Berezhnov et al., 2016). Low CCCP or FCCP concentrations completely 

abolish mitochondrial membrane potential, but do not induce mitophagy, which could 

be because low concentrations do not acidify cytosolic pH. High FCCP concentrations 

were ineffective in the induction of mitophagy when cytosolic pH was increased. 

However, on the other hand, it was proposed that PINK1 and Parkin might promote 

repair of less severely damaged mitochondria, which might be mediated by low FCCP 

concentrations, and does not lead to mitophagy. Localised translation of nuclear-

encoded respiratory chain subunits at the mitochondrial surface is regulated by PINK1 

and Parkin (Gehrke et al., 2015). Translocation of specific translationally repressed 

mRNAs from the cytosol to the MOM is mediated by PINK1, where it enables 

translation, in collaboration with Parkin, by displacement of translation inhibitors. 

 

6.0.6 Updated model of PINK1/Parkin-mediated mitophagy 

Based on results described herein and observations from literature, an adjusted 

pathway describing the selective removal of damaged mitochondria by PINK1 and 
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Parkin can be proposed. Mitochondrial damage induced by CCCP/FCCP leads to 

accumulation of PINK1 on damaged mitochondria and selective recruitment of 

Parkin, leading to ubiquitination of mitochondrial proteins and their elimination 

(Figure 6.0.6 A) (Gao et al., 2015, Berezhnov et al., 2016, Ivankovic et al., 2016).  

 

Autophagy is activated upon CCCP/FCCP treatment (Sandoval et al., 2008, Ma et al., 

2011), but is likely non-canonical. ULK1 or PIK3C3 inhibition did not lead to 

accumulation of FCCP-damaged mitochondria, however, proteasomal degradation 

was important for mitochondrial clearance (Figure 6.0.6 B, Chapter 3 & 4). Recent 

studies showed that CCCP activated ATG13-, which is part of the ULK1 complex, 

and PIK3C3-independent autophagy, but that LC3B lipidation was not affected 

(Jacquin et al., 2017). This LC3B lipidation was found to be endolysosomal, 

suggesting the endosomal pathway could be involved. Moreover, it was recently 

demonstrated that mitochondria underwent Parkin-dependent sequestration into Rab5-

positive early endosomes via the endosomal sorting complexes required for transport 

(ESCRT) machinery that delivered mitochondria to lysosomes for degradation 

following maturation (Figure 6.0.6 C) (Hammerling et al., 2017). This endosomal 

pathway is activated by stressors that also induce autophagy, however, endosomal-

mediated mitochondrial clearance is initiated before autophagy. Abrogation of Rab5 

activity increased autophagic activity, suggesting autophagy compensates for impaired 

endosomal activity. Interestingly, Beclin1 regulates Rab5 activation and Beclin1 was 

shown to be required for neuron viability and regulation of endosomal pathways via 

the PIK3C3 complex (McKnight et al., 2014, Hammerling et al., 2017), while Rab5 

was found to inhibit mTORC1 activity (Li et al., 2010) and to be important for the 

formation of the PIK3C3 complex (Ravikumar et al., 2008), indicating a cross-talk 
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between autophagy and the endosomal pathway. Rab5 knockdown, or functional 

inhibition, resulted in accumulation of stressed mitochondria and increased 

susceptibility to cell death, suggesting that Rab5-associated complexes are required 

for mitochondrial clearance (Hammerling et al., 2017).  
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Previous page: Figure 6.0.6. Mitophagy can take place via different mechanisms. 

Mitochondrial damage induces PINK1 accumulation and Parkin translocation. Parkin induces 

ubiquitination of mitochondrial proteins after which either (A) ubiquitinated proteins are 

recognised by p62 that binds to LC3B on the phagophore, leading to encapsulation of the 

damaged mitochondrion and subsequent degradation after the formed autophagosomes fuses 

with a lysosome, or (B) ubiquitinated proteins are degraded by the proteasome. (C) 

Mitochondrial proteins are ubiquitinated by Parkin that is recruited to mitochondria upon 

damage after which it is captured by endosomal sorting complexes required for transport 

(ESCRT) complexes on the early endosome that induce invagination and subsequent scission 

of the endosome membrane, leading to internalisation of the mitochondrion and its 

degradation after fusing with a lysosome. Figure adapted from (Hammerling et al., 2017). 

 

Thus, after PINK1 accumulation and Parkin recruitment, dysfunctional mitochondria 

are rapidly taken up into endosomes that act as a first line of defence since early 

endosomes are continuously synthesised and exist in a network in cells (Figure 6.0.6 

C) (Zeigerer et al., 2012). Simultaneously, Parkin also causes degradation of 

mitochondrial markers by the proteasome (Figure 6.0.6 B) (Chan et al., 2011, Yoshii 

et al., 2011, Sarraf et al., 2013). Finally, activation of non-canonical autophagy is 

responsible for clearance of the remainder of damaged mitochondria (Figure 6.0.6 A). 

Autophagosomes are synthesised de novo on demand and therefore cells need to 

utilise other degradative pathways to be able to remove damaged mitochondria 

immediately (Rubinsztein et al., 2012). Cells are likely to switch between endosomal-, 

proteasomal-, and autophagic degradation when one of these systems either gets 

overloaded or becomes impaired. Beclin1 could be a potential regulator of activation 

and switch between the different pathways since it has been linked to PINK1, Rab5 

activation, and autophagy activation. However, all these events were reported upon 

CCCP/FCCP-induced mitochondrial damage and it remains to be seen if these 

processes also take place under physiological conditions. 
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6.1 Conclusions 

The research described herein shows that responses to FCCP treatment differs 

between cell lines. FCCP led to increased PINK1 and decreased Parkin expression in 

SH-SY5Y cells, induction of autophagy, which is possibly non-canonical, and 

degradation of mitochondrial markers. Similarly to SH-SY5Y cells, autophagy was 

activated and mitochondrial fragmentation upon FCCP treatment was observed in 

presumptive NPC, but there was no Parkin degradation nor degradation of 

mitochondrial markers. FCCP potentially induced autophagy and degradation of 

mitochondrial markers in control presumptive DA neurons, while autophagic 

inhibition and no mitochondrial marker degradation was observed in PD presumptive 

DA neurons. Mitochondrial fragmentation was found to be present in PD presumptive 

DA neurons under basal conditions and PD presumptive DA neurons were also more 

susceptible to FCCP cytotoxicity, suggesting mitochondria were intrinsically 

damaged. 

 

Differences in observations between presumptive NPC and presumptive DA neurons 

implicate that presumptive DA neurons are more susceptible to PD and that its use is 

therefore preferred over the use of presumptive NPC. Combined with the finding that 

control and presumptive PD DA neurons respond differently to treatments, which 

could be caused by the disease, the importance of the use of appropriate cell models 

for PD related research is highlighted. 
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7.0 Perspectives 

During the course of research as described herein, new questions were raised that need 

to be addressed in future investigations. 

 

1) Is mitophagy molecularly distinct from generic autophagy? The process of 

mitophagy has been described to take place upon induction of substantial 

mitochondrial damage by uncouplers such as CCCP and FCCP that induce 

autophagy in cell lines. It is not known if activation of autophagy is merely a 

side effect of CCCP/FCCP treatment or if it is activated upon mitochondrial 

damage under physiological conditions too. Can mitophagy be seen as a 

process that is molecularly distinct from generic autophagy or are mitophagy 

and autophagy running side by side? More research needs to be done on 

finding different methods to induce mitophagy in cell lines that do not have 

off-target effects such as CCCP/FCCP, but it would also be important to 

monitor the extent of mitochondrial degradation in cell lines under control 

conditions to investigate if this process is molecularly distinct from autophagy. 

Using fluorescently-labelled mitochondrial probes, mitochondria can be 

tracked by live cell imaging and degradation can be monitored. Via this 

method the effects of autophagic inhibition on mitochondrial degradation 

under control conditions can be investigated, which will give a clue about 

whether or not mitophagy is molecularly distinct from autophagy. 

 

2) Does ULK1 inhibition affect FCCP-induced TOM20/TIM23 degradation? 

The effects of ULK1 inhibition on FCCP-induced mitochondrial degradation 

need to be investigated further, even though ULK1 is likely not involved in 
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this process. Only VDAC1 expression was assessed upon ULK1 inhibition and 

this was not an appropriate marker for monitoring mitochondrial degradation. 

Effects of ULK1 inhibition on FCCP-induced TOM20 and TIM23 degradation 

should be examined, however, it is also worth investigating if FCCP induced 

changes in mitochondrial mass, which can be quantified by measuring citrate 

synthase spectrophotometrically, and if this is affected by ULK1 inhibition. 

 

3) What kinase phosphorylates Beclin1 at Ser30 and what is the function of 

unbound Ser30 phosphorylated Beclin1 in SH-SY5Y cells? Previous results 

obtained in the Murray lab showed that ULK1 phosphorylated Beclin1 and 

that ULK1 inhibition decreased Ser30 phosphorylated Beclin1 levels in 

cancerous cells, which is the opposite as observed in SH-SY5Y cells. 

Therefore, which kinase is responsible for Ser30 Beclin1 phosphorylation in 

SH-SY5Y cells? A recent study demonstrated that Beclin1 can be 

phosphorylated at Ser30 by PGK1, suggesting that PGK1 could also be 

responsible for Beclin1 phosphorylation in SH-SY5Y cells, but this needs to 

be investigated (Qian et al., 2017). Immunoprecipitation of Beclin1 followed 

by immunoblotting with an α-PGK1 antibody could confirm presence of 

PGK1 in the Beclin1 complex. However, if PGK1 is not detected, mass 

spectrometry analysis of immunoprecipitated Beclin1 can identify other 

kinases that could be responsible for Beclin1 phosphorylation.  

 

Immunoprecipitation of Beclin1 and PIK3C3 upon ULK1 inhibition showed 

that a pool of Ser30 phosphorylated Beclin1 was not associated to the PIK3C3 

complex. This suggests that unbound Ser30 phosphorylated Beclin1 could 
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have different (unknown) function(s) in cells that needs to be identified. 

Beclin1 has also been linked to mitophagy since it was associated with both 

PINK1 (Michiorri et al., 2010) and Parkin (Choubey et al., 2014). It would be 

interesting to investigate if the pool of Ser30 phosphorylated Beclin1 that is 

not associated with the PIK3C3 complex is the pool of Beclin1 that is linked 

with either PINK1 or Parkin. Immunoprecipitation of PINK1 or Parkin could 

identify if Beclin1 is directly associated with them and if a pool of Beclin1 is 

phosphorylated at Ser30. 

 

4) How can mitophagy be induced and how is it regulated in dopamine 

neurons generated from PD hiPSC? Firstly, hiPSC lines utilised in this 

study were generated from two individuals, meaning that generated results 

cannot be compared with one another since cell lines have a different genetic 

background that might be accountable for observed differences. Therefore, to 

continue this line of research, it would be best to correct the mutation in the 

PD line, which can be done with the use of ZFN, TALEN, or CRISPR-Cas9 

(Gaj et al., 2013, Zhao et al., 2014), to generate a control line with the same 

genetic background. 

 

Preliminary results showed that FCCP did not induce mitochondrial 

degradation in presumptive DA neurons generated from hiPSC and therefore 

other methods need to be utilised to do so. Other mitochondrial poisons could 

be tested or FUNDC1 could be overexpressed since that was demonstrated to 

activate mitophagy in different cell lines (Ding and Yin, 2012). If this leads to 

successful induction of mitophagy and mitochondrial degradation in DA 
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neurons, it would be interesting to find out if endosomal-, proteasomal-, and 

autophagic degradation pathways are involved in this process by inhibiting 

them and examining the effects on mitochondrial degradation by 

immunoblotting and live cell imaging. Ultimately, mechanisms in control and 

PD DA neurons could be compared to identify differences, which could give 

an answer as to why mitophagy related proteins are implicated in PD. 
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Appendix I: iULK1 treatment of HeLa cells promotes degradation of ULK1. HeLa cells were 

treated with up to 25 μM of iULK1 for 24 hours in nutrient replete medium. Protein lysates 

were probed for autophagy marker proteins ULK1 and LC3B. β-actin was used as a loading 

control. Data represents three independent experiments. Taken from Ewelina Rozycka’s PhD 

thesis. 
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Appendix II: iULK1 promotes LC3B-II accumulation during basal autophagy in nutrient 

replete cells by preventing LC3B-II reaching the lysosome. HeLa (A), MCF7 (B), and 

MCF10A (C) cells were treated with 10 μM iULK1 in nutrient replete media for 4 hours 

before addition of 100 nM Baf A1 for a further 2 hours. Protein lysates were probed for the 

autophagy marker protein LC3B. Left panels illustrate immunoblots and corresponding 

densitometry normalised to corresponding β-actin levels is depicted in the right panels. Data 

represents three independent experiments. Error bars = SEM, unpaired t-test, *p<0.05, 

**p<0.01, *** p<0.001. Taken from Ewelina Rozycka’s PhD thesis. 
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Previous page: Appendix III: Kinase selectivity panel of protein kinase activities tested with 

iULK1. Results are shown as percentage of activity remaining in the presence of iULK1, as 

compared with the control conditions with iULK1 omitted. 
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