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Abstract 

Advancing age is the biggest risk factor in developing age-related disorders such as 

cardiovascular disease, cancer, AlzheimerÕs disease, ParkinsonÕs disease, HuntingtonÕs 

disease and other neurodegenerative diseases, regardless of efforts to improve life 

expectancy. Neurodegenerative diseases comprise of chronic progressive disease 

conditions that are characterised by the gradual failure of cellular systems leading to 

neuronal loss. The main hallmark of these diseases is the abnormal deposition of toxic 

protein aggregates that spread to various brain regions leading to debilitating clinical 

symptoms affecting a personÕs quality of life. Regardless of existing treatments to 

improve these symptoms, more research is required towards unravelling the mysteries 

that contribute to the progression of these disorders. ParkinsonÕs disease (PD), one of the 

most common neurodegenerative disorder, reflects a progressive loss of dopaminergic 

neurons in the substantia nigra leading to a wide range of motor deficits. 

Neuropathological hallmarks of PD comprise of amorphous aggregates that lead to the 

formation of Lewy bodies containing mainly the misfolded protein component, ! -

synuclein (! -syn), and other substrates such as the small ubiquitin-like modifier-1 

(SUMO-1). This thesis investigates the SUMO pathway and its components as a potential 

therapeutic target and potential biomarker for PD. The two aims of this thesis were to 

determine the influence of SUMO inhibitors on a cellular model of PD (Chapter 5) and 

to establish the differential activity of the SUMO pathway in patient-derived PD cell lines 

compared to age-matched normal control and in response to proteolytic stress (Chapter 

6). 

The experimental work presented in Chapter 5 investigated the inhibition of the SUMO-

1 E1 enzyme of the SUMO pathway using 2 chemical inhibitors, ginkgolic acid (GA) and 

anacardic acid (AA) in KCl-depolarised SHSY5Y neuroblastoma cells and primary rat 

neurons. Potassium chloride (KCl) depolarisation has been reported previously to induce 



 v 

aggregate formation and SUMO-1 marked a subset of lysosomes within cytoplasmic 

inclusions. Immunofluorescence and cell counting were employed to determine the 

proportion of SUMO-1 positive lysosomes, the frequency of autophagosomes and ! -syn-

positive puncta in KCl depolarised SHSY5Y cells under various concentrations of SUMO 

inhibitor treatments. Depolarised rat cortical neurons were also analysed to determine the 

frequency of ! -syn-positive aggregates under SUMO inhibition. Western blot analysis of 

cell lysates subjected to KCl depolarisation was performed to determine the total band 

integrals of SUMO-1 conjugation, the difference in intensity between SUMO-1 90kDa 

band and the Hsp90 band as well as the intensity of macroautophagic marker, LC3b, under 

various concentrations of SUMO inhibitor treatments. Previous studies have suggested 

that the SUMO pathway is linked to chaperone-mediated autophagy. The results revealed 

that the SUMOylation inhibitors induced upregulation of macroautopahagy and promoted 

! -syn aggregate clearance in aggregate-bearing cells. 

The experimental work presented in Chapter 6 investigated the various SUMO pathway 

components in patient-derived PD cell lines in comparison to age-matched normal control 

cell lines and in response to proteasome inhibition. Immunofluorescence and cell 

counting were employed to determine the proportion of SUMO-1 positive lysosomes and 

the frequency of protein aggregates in PD cell lines compared to normal controls with 

and without MG132 treatments. Western blot analysis was employed to determine the 

levels of SUMO-1 conjugates, levels of Hsp90 and levels of the deSUMOylase, SENP3. 

Findings in this current chapter identified significant differences in the SUMO 

components in disease-specific cell lines compared to age-matched controls indicating 

the potential use as biomarkers for the pre-symptomatic diagnosis of PD. 
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Chapter 1: Introduction  

1.1!Neurodegenerative Diseases 

The population of individuals over the age of 60 years is expected to rise from 841million 

in 2013 to more than 2 billion in 2050. The likelihood of developing age-related disorders 

such as cardiovascular diseases, cancer, ParkinsonÕs disease (PD) and AlzheimerÕs 

disease (AD), and amyotrophic lateral sclerosis (ALS) and other neurodegenerative 

diseases is increasing as the population ages. Existing treatments to ameliorate the 

symptoms of age-related neurodegenerative disorders are limited and do not alter the 

course of these age-related neurodegenerative disorders. Therefore, much more research 

is required to confront the rising challenge presented by these diseases and to investigate 

the key research questions and barriers to progress towards finding neuroprotective 

solutions and cures to halt disease progression (Johnson, 2015; JPND, 2017; Reeve et al., 

2014b; Reitz et al., 2011; Wyss-Coray, 2016). 

Adult onset neurodegenerative disorders diversely consist of chronic progressive diseases 

that selectively show vulnerability of distinct neurons and abnormally accumulate 

misfolded and aggregated proteins in inclusion bodies (IBs). These diseases include AD, 

! -synucleopathies such as PD and polyglutamine expansion disorders such as 

HuntingtonÕs disease (HD) and spinal and bulbar muscular atrophy (SBMA) (Bersuker et 

al., 2016; Pratt et al., 2015). The neuronal dysfunction caused by these IBs involves 

critical proteins such as tau (in AD), ! -synuclein (in PD), huntingtin (Htt) (in HD) and 

the androgen receptor (AR) (in SBMA) that represents a major and unresolved medical 

challenge. The clinical presentations depend on the afflicted brain region and may involve 

the disruption of daily activities including sensory and motor functions (Bersuker et al., 

2016; Maiti et al., 2014; Menzies et al., 2015).  

Cellular proteins maintain their complex conformations so as to be biochemically 

functional and active whereas partial folding or misfolding causes proteins to become 
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functionally inactive causing toxicity to cells. The normal balance between the formation 

and degradation of cellular proteins determines the survival of neuronal cells. The 

biogenesis of proteins is prone to possess various errors. However, cells possess high-

fidelity protein control pathways that avoid alterations in protein homeostasis (Menzies 

et al., 2015; Sheikh et al., 2013). Degradation systems are responsible for the prevention 

of aggregate formation of cytosolic and misfolded proteins and for maintaining 

proteostatic equilibrium inside cells. Thus, any impairment of these mechanisms may lead 

to cellular toxicity and eventual neurodegeneration (Maiti et al., 2014; Miraglia et al., 

2015; Pan et al., 2008; Tanaka and Matsuda, 2014).  

1.2!ParkinsonÕs Disease (PD) and ! -synuclein 

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

affects over 1% of the population over the age of 60 years. Epidemiological studies 

indicate the numbers may double in the next 2 decades, due to the rising aged population 

and the distinct relationship between increased age and prevalence of disease (Reeve et 

al., 2014a). PD is characterised by motor deficits such as resting tremor, muscular rigidity, 

bradykinesia and postural instability reflecting a progressive loss of dopaminergic 

nigrostriatal neurons where 80% of striatal dopaminergic and 50% of nigral neurons are 

lost at presentation (Ozansoy and Ba"ak, 2013; Weetman et al., 2013). The Braak model 

states that the disease process commences in the lower brain stem in the dorsal motor 

nucleus of the vagus DVM nerve as well as the anterior olfactory structures. The disease 

then ascends rostrally from the DMV through susceptible regions of the medulla, pontine 

tegmentum, midbrain and basal forebrain, eventually reaching the cerebral cortex. As the 

disease progresses, the severity of lesions in the susceptible regions increases (Hansen 

and Li, 2012; Visanji et al., 2013). The neuropathological hallmark of PD is the formation 

of intracellular complexes or IBs called Lewy bodies and Lewy neurites (Funabe et al., 

2013; Hansen and Li, 2012; Ozansoy and Ba"ak, 2013; Vernon et al., 2010; Weetman et 
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al., 2013). The main component of a Lewy body is the aggregation prone protein ! -

synuclein, a small protein that is widely expressed in the central nervous system (CNS) 

as well as in other tissues including red blood cells. Lewy bodies form due to highly 

insoluble aggregated ! -synuclein fibrils in a #-sheet-rich conformation, which occurs 

specifically in the neuronal cytoplasm or in neuritic processes (Bartels et al., 2014; 

Krumova et al., 2011; Stefanis, 2012a; Winner et al., 2011). Research has found that Lewy 

bodies are not the first signs of neurodegeneration in PD neurons. Researchers found 

Lewy bodies in the olfactory system and in the brainstem but not in the substantia nigra 

pars compacta regardless of diminished levels of tyrosine hydroxylase suggesting that the 

disease process has already been initiated,  challenging the assumption that  Lewy body 

pathology always represents preclinical PD (Milber et al., 2012). 

Alpha-synuclein has been found to accumulate in dementia with Lewy bodies (DLB) and 

multiple system atrophy (MSA). The distribution of the pathology at the cellular and 

regional level is different in each disease. In MSA, ! -synuclein is found predominantly 

within oligodendrocytes as cytoplasmic inclusions, whereas DLB is characterized by 

mostly neuronal IBs. These disorders share the accumulation of ! -synuclein aggregates 

as a pathological feature and are collectively known as synucleinopathies (Bartels et al., 

2014; Grey et al., 2015; Stefanis, 2012a; Tanik et al., 2013). In addition, ! -synuclein was 

also identified as a component of amyloid plagues from the brain tissues of AD patients 

(Marques and Outeiro, 2012b). Alpha-synuclein is a 140-amino acid protein that is 

encoded by a single gene consisting seven exons located in chromosome 4. At first this 

protein was described as a neuron specific protein that associates with synaptic vesicles 

and is situated in the presynaptic nerve terminals and nucleus. There are several 

observations that established ! -synuclein and its contribution to the pathogenesis of PD 

since the mutation of its gene was found to be associated with the rare familial cases of 

early-onset of PD in 1997 (Marques and Outeiro, 2012b; Stefanis, 2012a). The 
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overexpression of ! -synuclein has been associated to PD pathogenesis where nigral 

dopaminergic neurons are lost leading to the formation and accumulation of ! -synuclein 

aggregates in transgenic rodents (Olanow and Brundin, 2013). The increase in ! -

synuclein dosage has been linked to the severity as well as earlier age of onset of PD 

indicating ! -synuclein is a toxic mediator for sporadic PD (Winslow et al., 2010). 

Although the toxic accumulation of ! -synuclein has been linked to neurodegeneration, 

the development of aggresomes in response to misfolded proteins has been suggested as 

a means to compartmentalise its toxic effects so as to facilitate its clearance (Olanow and 

Brundin, 2013; Yerbury et al., 2016). Alpha synuclein has been found to exist in 

monomers, dimers and protofibrils. It has been suggested that modified forms of ! -

synuclein has been found to disrupt various degradation pathways such as the ubiquitin 

proteasome system as well as the autophagy system which further impairs effective 

disposal of aggregation-prone proteins (Winslow et al., 2010). Olanow and co-workers 

have provided evidence to suggest that ! -synuclein is a prion-like protein and that PD is 

a prion-like disorder where it was reviewed that a conformational switch in ! -synuclein 

is likely to be the cause of PD pathogenesis. Under normal conditions, cells harbour ! -

synuclein in an ! -helical conformation where under certain instances is able to transition 

into a " -sheet-rich structure which has the potential to polymerize to form toxic oligomers 

and amyloid plagues. These toxic protein species are able to promote conformational 

change in the wild-type causing a snow ball effect that leads to further neurodegeneration 

(Olanow and Brundin, 2013). 

 

1.3!Fate of misfolded proteins 

Protein misfolding has been associated with the dyshomeostasis of the protein quality 

control network in cellular organisms. Cellular stressors such as mutations, 

posttranslational modifications, or changes in local conditions such as pH and 
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temperature give rise to protein misfolding and protein aggregation where neurons have 

been reported to be highly susceptible. This protein misfolding and aggregation into 

insoluble intracellular complexes underlies the pathogenesis of a considerable proportion 

of neurodegenerative diseases (Bersuker et al., 2016; Hipp et al., 2014). It is crucial for 

proteins to maintain conformation, concentration and location within an extensive and 

complex network of signalling pathways to be able to combat proteotoxic stress and the 

vulnerability towards disease progression (Bersuker et al., 2016; Yerbury et al., 2016). 

Protein quality control involves the managing of cellular processes where proper protein 

folding and function is maintained where it provides instructions to various proteins on 

when and how to fold, or when to be degraded (Roth and Balch, 2013; Wolff et al., 2014). 

The refolding of newly synthesized polypeptide chains increases cellular stability, forms 

native and functionally active proteins (Kim et al., 2013). It is estimated that 

approximately 30% of newly synthesized proteins are misfolded (Takalo et al., 2013). 

The quality control network is orchestrated by several cellular mechanisms through the 

aid of protein chaperones, co-chaperones and mediators that fold and/or refold misfolded 

proteins from toxic to non-toxic forms to maintain their correct conformation. Insoluble 

misfolded proteins can also be sequestered into large aggregates where they are 

selectively directed towards proteolytic pathways, such as the ubiquitin-proteasome 

system (UPS) and autophagy for clearance, mediated via the proteasome and lysosomes 

respectively (Hartl et al., 2011; Vijayakumaran and Pountney, 2018; Wang et al., 2013).  

Although it is still contentious whether Lewy bodies are neuroprotective or cytotoxic 

(Barrett and Greenamyre, 2015; Bersuker et al., 2016), the sequestration of misfolded 

proteins, aggregates and amyloid fibrils into appropriate and specific subcellular 

compartments as aggresomes has been suggested to reduce the capacity for these species 

to cause cellular toxicity.  This active management system has been termed the ÔquinaryÕ 

state of the protein folding process where the cell could concentrate its efforts into 
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solubilising, folding and/or re-folding these proteins prior to degradation within each 

subcellular compartment (Roth and Balch, 2013; Wolff et al., 2014). However, misfolded 

proteins are able to interact through hydrophobic regions and form stable aggregates that 

are insoluble. Most of these stable structures consist of #- strands and amyloid fibrils 

(Bersuker et al., 2016; Knowles et al., 2014). Firstly, aggregate structures are formed by 

oligomerisation to form protofibrils leading to the formation of insoluble amyloid fibrils 

(Chiti and Dobson, 2017; Marques and Outeiro, 2012a). These damaged and misfolded 

proteins are usually disposed of through the various degradation pathways to maintain 

cellular integrity. Although various cellular mechanisms have already been found to 

decline with age, the overexpression and modified forms of ! -synuclein has been found 

to further disrupt these degradation pathways through the impairment of the proteasome 

and lysosome (Kalia et al., 2013; Xilouri et al., 2013b). As a result, reversibly aggregating 

proteins are sequestered into perinuclear endoplasmic reticulum (ER)-associated 

JUxtaNuclear Quality control (JUNQ) compartment. Insoluble aggregates of amyloid-

forming proteins such as prions, huntingtin (Htt) or ! -synuclein are sequestered in the 

Insoluble Protein Deposit (IPOD) compartment which is located near the vacuole 

(Radwan et al., 2017; Sontag, 2014; Wolff et al., 2014). A study recently showed that 

misfolded sequestration into active structures also occurs when the proteasome is not 

impaired. These ER-anchored structures are called Q-bodies or aggresomes and this 

sequestration functions to clear the cytoplasm from toxic, soluble and misfolded species 

in a chaperone- dependent manner. The impairment of aggresome formation causes stress 

to the cell and they continuously merge with one another forming larger punctate 

structures which suggest the formation of JUNQ when clearance is impaired due to 

proteasomal inhibition (Roth and Balch, 2013; Sontag, 2014). These aggresomes recruit 

ATP-dependent molecular chaperones of the Hsp70, Hsp90 and Hsp110 families that are 

important for the refolding and degradation of misfolded or damaged proteins to 
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temporally and spatially balance the formation and degradation phases of aggresome 

function and maturation (Escusa-Toret et al., 2013; Roth and Balch, 2013; Tyedmers et 

al., 2010; Wolff et al., 2014).  

1.4!Ubiquitin -Proteasome System (UPS) 

Ubiquitin is a small protein of 76 amino acids which is active in four different pools 

within a cellular equilibrium. It is present in the nucleus primarily bound to histones, in 

the cytoplasm bound to organelles and the cytoskeleton, as soluble poly-ubiquitin chains 

and a small fraction as free monomeric ubiquitin. Its cellular levels are tightly regulated 

in the cellular system whereby the shortage of ubiquitin is replenished by the transcription 

of four separate mammalian genes, UBB, UBC, UBA52, and UBA80 while free ubiquitin 

is degraded by the ubiquitin/ATP-dependent proteinase called 26S proteasome. Ubiquitin 

homeostasis is determined by the balance between free and protein-conjugated ubiquitin 

which is controlled by opposing key enzymes known as the E3 ubiquitin ligases and 

deubiquitinating enzymes (DUBs) (Yerbury et al., 2016).  

Ubiquitin is also crucial for the degradation of many cytosolic, nuclear and endoplasmic 

reticulum (ER) proteins. Cellular IBs containing ubiquitinated proteins are found in 

various neurological disorders. Covalent binding of ubiquitin to proteins marks them for 

degradation by the 26S proteasome, which is involved in a proteolytic pathway known as 

the ubiquitin proteasome system (UPS) (Dennissen et al., 2012; Kim et al., 2011; 

McMillan et al., 2011). Misfolded target proteins are first tagged covalently by multiple 

molecules of ubiquitin to form polyubiquitin chains. This conjugation of ubiquitin to the 

misfolded protein substrate is a multi-step process that requires the sequential action of 

three enzymes. The process starts with the activation of ubiquitin by the ubiquitin-

activating enzyme (E1), an ATP-dependent step. Upon activation, the ubiquitin is then 

transferred to the ubiquitin-conjugating enzyme (E2). The ubiquitin-protein ligase (E3) 

binds to this substrate catalysing the transfer of the activated ubiquitin from the E2 to the 
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substrate. This step occurs via formation of a covalent isopeptide linkage between the 

ubiquitin carboxyl-terminal glycine residue and a lysine residue within the substrate 

protein. The mammalian genome is estimated to consist of two E1 ubiquitin-activating 

enzymes, several E2 ubiquitin-conjugating enzymes and hundreds of E3 ubiquitin-

conjugating enzymes. E3 enzymes play a crucial role in conferring specificity to the 

ubiquitination reaction by selectively recognizing various sets of substrates facilitating 

the transfer of the ubiquitin molecule to the substrate (Dennissen et al., 2012; Kim et al., 

2011; Wilkinson and Henley, 2010). Accumulation of misfolded proteins labelled by 

ubiquitin is one of the explanations to the loss of free ubiquitin and the removal of 

ubiquitin from aggregating proteins is achieved through ubiquitin-specific proteases 

(Yerbury et al., 2016). The ubiquitin-specific protease 14 (USP14), a deubiquitinating 

enzyme associates itself with the proteasome to modulate ubiquitin levels by stimulating 

its ubiquitin hydrolase activity. Its association to the proteasome limits substrates from 

binding to the proteasome where changes in its activity can alter ubiquitin-dependent 

protein turnover (Hallengren et al., 2013). It has been reported that cells triggered by 

toxicity caused by inclusion body formation, has been associated to the over expression 

of ubiquitin due to the overexpression of USP14. This provided protection from 

aggregate-induced toxicity and reduced ER stress (Yerbury et al., 2016). A decrease in 

levels of free ubiquitin and the downregulation of the two deconjugating enzymes 

including the E3 ligase has been revealed in aged tissues. However, the opposing trend 

has been observed in aged animal models that fail to upregulate its activity. Taken 

together, the decline of the UPS arises with age and the maintenance of the UPS is vital 

for overall cellular health and lifespan (Koga and Cuervo, 2011). 

1.5!Autophagy 

Autophagy is a conserved catabolic process by which proteins and organelles are 

delivered to lysosomes to be digested by hydrolases resident in this compartment. 
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Autophagy has a major housekeeping function, remodelling and continuously renewing 

cellular structures and removing altered proteins and damaged organelles. During a 

shortage of nutrients, activation of autophagy is aimed at maintaining the intracellular 

pool of amino acids necessary for the synthesis of new proteins and to provide energy 

required for cell survival (Martin et al., 2015; Nixon, 2013; Xilouri et al., 2016). In 

microautophagy, complete cytosolic regions are sequestered directly by the lysosome 

through invaginations or tubulations that pinch off from the membrane into the lysosomal 

lumen where protein substrates are rapidly degraded when no longer needed (Parzych and 

Klionsky, 2014). CMA involves direct translocation of unfolded sustrate proteins across 

the lysosome membrane through the action of a cytosolic and lysosomal chaperone hsc70, 

and the integral membrane receptor, LAMP2A (lysosome-associated membrane protein 

type 2A). Through CMA, particular cytosolic proteins that bear a lysosomal targetting 

motif are selectively recognised by chaperones in the cytosol which delivers the proteins 

to the surface of the lysosome to interact with LAMP2A in order for the substrate proteins 

to be degraded in the lumen of the lysosomes (Parzych and Klionsky, 2014). 

Macroautophagy refers to the sequesteration of cytosolic components directly by 

lysosomes through invaginations in their limiting membrane. Sequestration can be either 

nonspecific, involving the engulfment of bulk cytoplasm, or selective, targeting specific 

cargoes such as organelle or invasive microbes. The autophagosome is formed by the 

expansion of the phagophore, but the origin of the membrane is unknown. Fusion of the 

autophagosome with a lysosome provides hydrolases lysing the inner membrane of the 

autophagosome and digesting its contents. This occurs in the autolysosome, and the 

resulting macromolecules are released back into the cytosol through membrane 

permeases (Inoue et al., 2012; Yasuda et al., 2013).  

Accumulation of toxic protein products of protein aggregates has different consequences, 

especially in postmitotic tissues where cell division does not occur such as the brain, 
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causing the persistence of toxic protein products inside cells resulting in cell death. The 

progressive loss of neurons that cannot be replaced eventually, gives rise to symptoms 

causing detrimental effects in the CNS (Ghavami et al., 2014). Intracytoplasmic 

aggregates are essentially cleared by the UPS however larger inclusion bodies are unable 

to enter the narrow barrel of the proteasome and therefore require this crucial mechanism 

for their clearance. Aggresome formation has been known to compartmentalise toxic 

species and has been crucial in preventing cellular toxicity, however, autophagy is also 

especially vital in disposing these aggresomes in preserving neuronal integrity where its 

implications varies from each disorder (Cheung and Ip, 2011; Rubinsztein et al., 2015). 

Proteins prone to aggregation such as tau, Htt and ! -synuclein related to AD, HD, and PD 

repectively have been reported to be substrates for autophagy. Studies had reported the 

accumulation of autophagic vacoules and the dysregulation of autophagy in the brains of 

patients (Cheung and Ip, 2011). The upregulation and reduction of autophagy has both 

shown various effects in neurodegenerative disorders. Enchanced autophagy has been 

shown to reduce Htt aggregates and toxicity in various experimental models whereas the 

inhibition of autophagy has found to trigger further protein aggregation and toxicity 

(Cuanalo-Contreras et al., 2013). Evidences have indicated that triggering autophagy 

enhances A"  levels exacerbating AD pathogenesis however, autophagic vacuoles have 

shown to be efficiently cleared in healthy neurons in comparison to AD brains. Evidences 

have revealed the expression of mutant ! -synuclein or MPP+, a neurotoxin that causes 

the death of dopaminergic neurons, causes the activation of the autophagy pathway 

presenting a link between accumulation of autophagic vacuoles and autophagy in PD 

brains (Cheung and Ip, 2011; Dehay et al., 2013). Although the logic that enhancing 

autophagy due to aggregating toxic oligomers to promote clearance is clear, evidence 

suggests that autophagy activation does not always lead to a beneficial outcome. 

Abundant autophagic vacuoles may reflect normal induction in response to cell stress but 
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may also reveal defective maturation of autophagosomes (Yao, 2010). The implications 

of autophagic failure in neurodegeneration in several other studies have also recognised 

the common theme of abnormal protein handling in all neurodegenerative diseases, 

including PD and MSA (Nixon, 2013; Schneider and Cuervo, 2014; Stern et al., 2012).  

The overexpression of ! -synuclein has been reported to inhibit autophagy at the early 

stages of autophagic vacuole formation due to the loss of function of Rab1a, a regulating 

component of the autophagy pathway. It was hypothesized that the overexpression of ! -

synuclein led to the disruption of Rab1a causing the inhibition autophagy (Winslow and 

Rubinsztein, 2011). Other studies have shown that ! -synuclein oligomers have the 

potential to inhibit proteasomal function, vesicle trafficking and autophagy which further 

deteriorates the course of neurodegeneration (Petroi et al., 2012; Winslow et al., 2010; 

Xie et al., 2010; Xilouri et al., 2009). It is still debatable as to whether autophagy is 

activated in attempt to clear aggregated proteins or if these aggregated proteins may be 

the culprits towards the malfunction of the autophagy pathway causing neurodegeneration 

(Cheung and Ip, 2011; Rubinsztein et al., 2015). 

1.6!SUMOylation and Chaperone Mediated Autophagy (CMA) 

Small Ubiquitin-related Modifier is a 97-amino acid protein. There are four isoforms 

reported in the SUMO family of proteins, SUMO-1 to SUMO-4 present in mammals 

[(Krumova and Weishaupt, 2012; Muramatsu et al., 2010);Figure 1]. SUMOylation is a 

reversible post-translational modification of substrate proteins, essential in eukaryotic 

cells and the SUMOylation pathway plays a major role in neurological deficits such as 

PD, HD, AD (Lee et al., 2015; Lee et al., 2014; Wong et al., 2013). SUMO has more 

diverse physiological functions in comparison to ubiquitin, although the two proteins are 

similar in structure. Ubiquitin is known to be a constituent of IBs and is intimately linked 

to aggresome biogenesis. In parallel, SUMO-1, has also been identified in IBs, however, 
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the relationship between this modification and aggresome formation is unclear (Guo et 

al., 2014). Unlike the UPS, SUMOylation does not directly target proteins for degradation 

but covalently modifies proteins with SUMO to modulate various cellular processes 

regulating multiple biological systems by changing the functions and fates of large 

numbers of protein (Elmore et al., 2011; Hirohama et al., 2013).  

 

Figure 1 Illustrative diagram of the SUMO family of proteins and their amino acid sequence alignments. There 

are 4 reported SUMO isoforms found in mammals. These are their amino acid sequences distinguishing each SUMO 

isoform from the other. 

The post-translational modification (PTM), SUMOylation, requires the synchronized 

actions of E1 (SUMO-activating), E2 (SUMO-specific conjugating, Ubc9) and, in most 

cases, E3 (SUMO ligase, e.g. PIAS3) enzymes. The SUMO modification cycle begins by 

the cleavage of SUMO proteins into their mature forms by sentrinÐspecific proteases 

(SENPs) by removing amino acids from the C-terminal ends of the SUMO paralogues 

before attaching themselves to substrate proteins. The processed SUMO proteins are then 

conjugated to E1 heterodimer, SUMO activating enzymes1-2 (SAE1-SAE2), and are 

transferred to the E2 enzyme, SUMO-conjugating enzyme (Ubc9). SUMO is then ligated 

to substrate proteins by SUMO E3 ligase protein, which directly interact with both target 

proteins and the E2 enzyme increasing the efficiency of this reaction. SUMO polypeptides 

are then removed from target proteins by the action of SENPs, which recovers the SUMO 

proteins for attachment to other proteins in another cycle of the SUMOylation pathway 

(Krumova and Weishaupt, 2012; Sarge and Park-Sarge, 2011). There are three ways in 

which SUMO modification can function. SUMO modification can inhibit the binding site 
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of a protein that interacts with its substrate protein, via the occlusion of the interaction 

site. The covalently attached SUMO may also act as an interaction ÔhubÕ that recruits 

other binding partners in a SUMOylation-dependent manner. Lastly, SUMOylation can 

lead to a conformational change in the SUMOylated substrate protein, altering its activity 

or revealing previously unavailable binding sites (Wilkinson and Henley, 2010). 

 

Figure 2 A simplified illustration depicting how SUMO modifications take place. (1) SUMO modification can 

inhibit the binding site of a protein that interacts with its substrate protein, via the occlusion of the interaction site. (2) 

SUMO may also act as an interaction ÔhubÕ that recruits other binding partners in a SUMOylation-dependent manner. 

(3) SUMOylation can lead to a conformational change in the SUMOylated substrate protein, altering its activity or 

revealing previously unavailable binding sites (Wilkinson and Henley, 2010). 

The inefficient folding of proteins is rectified by a remarkable set of proteins which were 

first called Òheat shock proteinsÓ (Hsps) and also referred to as molecular chaperones. 

These molecular chaperones work with co-chaperones to aid the folding and re-folding 

of irreversibly altered and damaged and misfolded polypeptides. Reduced toxicity 

associated with aggregating proteins has been linked to molecular chaperones and co-

chaperones function associated with the highly selective subtype of autophagy, known as 

chaperone-mediated autophagy (CMA). These include Hsp70, Hsp40, Hsp90 and small 

heat shock protein Hsp104, which suppresses neurodegeneration caused by the PD related 

protein, ! -synuclein (Chaari et al., 2013; Koga and Cuervo, 2011; Wang et al., 2013). 

Findings have shown that activating molecular chaperones by increasing protein levels of 

Hsp70 provides protection against this disease (Donmez et al., 2012). The co-chaperone 

Hsp40 for Hsp70 is known to be able to bind to aggregates and prevent further 
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aggregation and refold without Hsp70 and co-localises with aggregate (Hartl et al., 2011; 

Mattoo et al., 2013). The E3 ligase and co-chaperone carboxyl terminus of heat shock 

protein 70-interacting protein (CHIP) has been reported to colocalise with ! -synuclein 

and Hsp70 including Hsp90 in IBs leading to its modified aggregation and increased 

degradation via the proteasome and lysosome. In the presence of proteolytic inhibitors, 

there was a marked increase in ! -synuclein aggregation and the development of IBs. 

Studies have also demonstrated that CHIP has a greater affinity to target ! -synuclein 

oligomers for degradation in a Hsp70-dependent manner making it a potential therapeutic 

target (Chen et al., 2011; Danzer and McLean, 2011). Gao and colleagues were able to 

efficiently disassemble ! -synuclein amyloids using a specific combination of Hsp70 

disaggregase associated chaperone components which includes the Hsc70 chaperone, the 

class B J-protein (DNAJB1) and a Hsp110 family nucleotide exchange factor (NEF) 

generating ! -synuclein monomers. These monomers were found to be less toxic when 

added exogenously to cell lines when compared to ! -synuclein amyloid fibrils. Each 

individual chaperone is able to bind to fibrils, however, for successful disassembly, all 

three chaperones need to be present for successful defragmentation. This finding provides 

a new scope of research into an efficient reversal of ! -synuclein amyloid formation 

utilising the Hsp70 chaperone machinery in the human aged brain (Gao et al., 2015) and 

other amyloid-prone systems (Duennwald et al., 2012; Nillegoda et al., 2015; Shorter, 

2011).  

 

Chaperones and co-chaperones involved in CMA, utilize lysosomal receptors for the 

translocation of target proteins into the lumen of lysosomes for selective degradation of 

unwanted proteins (Ebrahimi-Fakhari et al., 2012). Cuervo and colleagues as well as 

others have reviewed the dynamics of the CMA translocation complex at the lysosomal 
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membrane involving the lysosomal form of Hsp90 and the lysosome-associated protein 

type 2A (LAMP-2A) that allows the degradation of soluble proteins that are receptive to 

unfolding (Cuervo et al., 2010). These target proteins have been reported to carry a 

pentapeptide motif (KFERQ) which is selectively identified by the cytosolic chaperone 

from the Hsp70 family, Hsc70, that facilitates the delivery of target proteins to the 

lysosomal surface. This assists in the disassembly of the LAMP2A which allows for 

substrate binding and the subsequent translocation of the target protein. LAMP2A is 

present in all types of lysosomes. However, only lysosomes that carry Hsc70 effectively 

take up protein, thus defining its importance in CMA (Ebrahimi-Fakhari et al., 2012). 

Hsp90 localises to both the luminal and cytosolic sides of the lysosomal membrane and 

has been reported to stabilise LAMP2A for the translocation of substrate protein across 

the lysosomal membrane for degradation. Dysfunction within the Hsp90 chaperone 

network has been commonly identified in the aged brain and changes in Hsp90 levels has 

been shown to contribute to neurodegenerative diseases (Chaari et al., 2013; Shelton et 

al., 2017b). Daturpalli and colleagues have revealed that Hsp90 prevents the aggregation 

of the A53T pathological mutant of ! -synuclein in an ATP-independent manner relieving 

cells from toxic insults (Daturpalli et al., 2013).  

Aged cells are often affected by misfolded proteins and aggregates that stress the Hsp90 

chaperone networking. Since Hsp90 has a strong association to proteasomal health and 

function, the failure of its chaperone network affects the proteasome which leads to 

further cellular toxicity. Hsp90 is also associated with CMA which has been shown to 

decline with age due to repressed chaperone function. PTMs, such as phosphorylation, 

acetylation, S-nitrosylation, oxidation and ubiquitination, increases with age and can 

modify and limit the function of the chaperone network causing increased cellular toxicity 

and neurodegeneration (Shelton et al., 2017b; Sonja et al., 2018). 
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Reports have found supporting evidences that the PTM, SUMOylation, may be 

neuroprotective. SUMO proteins were revealed to be highly expressed in ground squirrels 

upon exposure to hibernation torpor, a model of natural tolerance to profoundly reduced 

blood flow and oxygen delivery to the brain (Lee and Hallenbeck, 2006; Tong et al., 

2015). Recently, it was revealed that quercetin triggered the upregulation of total 

SUMOylation and the expression of the oxidative stress master regulator, NRF2, 

providing cells the tolerance towards oxygen and glucose deprivation (Kamynina and 

Stover, 2017; Lee et al., 2016; Tong et al., 2015). Consequently, the knockdown of 

SUMO expression has proven deleterious, which provides a strong evidence for a 

neuroprotective role for SUMO  in overcoming various stressors (Anderson et al., 2009a).  

SUMO has been detected in the inclusions of several neurodegenerative diseases and 

several proteins have been implicated in these diseases as SUMO substrates (Dorval and 

Fraser, 2007; Odagiri, 2012). Proteins involved in vesicle pathways have also been 

identified as SUMO targets in Neuronal Intranuclear Inclusion Disease (NIID) (Hilker et 

al., 2011; Marques and Outeiro, 2012b; Pountney et al., 2008b). Krumova and co-authors 

have also revealed that disrupted SUMO-1 modifications of ! -synuclein stimulated the 

apoptosis of doperminergic neurons in rats (Eckermann, 2013; Krumova et al., 2011). 

Recent reports have identified that SUMO-1 co-localises with a subset of lysosomes 

including lysosomal Hsp90 in ! -synuclein aggregate-bearing cells in MSA brain tissue 

and cellular models (Wong et al., 2013). Additionally, Kodiha and co-authors have 

investigated the increase in various molecular chaperones in the nucleoli that are SUMO-

1 modified in stress induced cells stating that SUMOylation may be controlling Hsp90 

turnover (Kodiha et al., 2012). Mollapour and co-workers have demonstrated that 

SUMOylation of the N-terminus of Hsp90 has been associated with the recruitment of the 

co-chaperone, Aha1 (Mollapour et al., 2014). These findings collectively provide a 

crucial link between the SUMO pathway and Hsp90 that may modulate its function in 
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CMA. Furthermore, Aha1 levels have been associated with neurodegeneration and 

increased levels have been correlated to the spread of neuropathological aggregates 

enhancing the progression of AD (Falsone et al., 2009; Inda et al., 2016; Shelton et al., 

2017b). Studies have reported that inhibiting the ATPase activity of Hsp90 which 

interferes with the co-chaperone link in the N-terminus of Hsp90, promotes the 

degradation of aggregating proteins (Shelton et al., 2017b; Sonja et al., 2018). The 

therapeutic use of Hsp90 inhibitors in neurodegenerative disorders has been less positive 

due to the nature of these compounds being less soluble lacking in blood brain barrier 

permeable properties (Ebrahimi-Fakhari et al., 2012; Shelton et al., 2017b). Therefore, 

studies have targeted the co-chaperone interaction with Hsp90 to reveal that the inhibition 

of Aha1 and Cdc37 reduces tau aggregation (Shelton et al., 2017a) and TDP-43 

accumulation (Jinwal et al., 2012) respectively. Furthermore, it has been elucidated that 

Hsp90 inhibition promotes the autophagic clearance of prefibrillary ! -synuclein 

aggregates (Riedel et al., 2010). 

The links between CMA and SUMOylation have opened doors to new investigations into 

the role of SUMO proteins and substrates found in neuropathological conditions 

(Mollapour and Neckers, 2012; Wong et al., 2013). Since the inhibition of enhanced 

ATPase activity of Hsp90 has proven to be positive in reducing toxic oligomer formation, 

the inhibition of SUMOylation of Hsp90 could disrupt Aha1-Hsp90 interactions and 

provide a mechanism to reduce the frequency of aggregate formation. 

Furthermore, long-lived oligomeric and/or multimeric complexes have been shown to 

reach sizes analogous to whole organelles, which are undegradable via CMA (Cuervo et 

al., 2010; Ebrahimi-Fakhari et al., 2012; Koga and Cuervo, 2011; Qi and Zhang, 2013). 

Moreover, reports have shown that the accumulation of protein aggregates leading to 

dysfunctional CMA, induces macroautophagy as a compensatory mechanism (Murphy et 

al., 2014; Wang et al., 2010; Xilouri et al., 2013a). 
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1.7!Macroautophagy and LC3 

Macroautophagy, the major lysosomal pathway by which cells degrade cytosolic proteins, 

is responsible for non-specific, bulk degradation of contents in the cytoplasm. This 

mechanism relies on vesicular trafficking rather than the incorporation of substrates into 

lysosomes (Winslow et al., 2010). Mammalian autophagy begins with the phagophore 

formation accompanied by a series of steps. These include the elongation and expansion 

of the phagophore, closure and the completion of a double-membrane autophagosome, 

followed by autophagosomal maturation through docking and fusion with lysosomes 

forming an autolysosome. Its contents, including the inner membrane of the 

autophagosome and cargo, are broken down and degraded through the acid hydrolases 

inside the autolysosome, where the resulting macromolecules are recycled through 

permeases (Alvarez-Erviti et al., 2010; Tanida, 2011a; Tanik et al., 2013; Wong and 

Holzbaur, 2015; Yang and Klionsky, 2010). It has become more evident that 

macroautophagy is not just a non-selective degradative pathway exclusive to nutrient 

management but enforces intracellular quality control by selectively degrading protein 

aggregates as well as organelles such as the mitochondria (Lee, 2010).  

It has been shown that macroautophagy mediates selective degradation of aggregated 

proteins and damaged organelles. p62 (sequestosome 1, SQSTM1) and HDAC6, play a 

vital role forming the missing link between both proteolytic systems such as the UPS and 

macroautophagy. p62 selectively links ubiquitinated proteins to the autophagic machinery 

and facilitates degradation in the lysosome. HDAC6 binds to both polyubiquitinated 

misfolded proteins and dynein motors targeting them to aggresomes for degradation. 

Several other substrates have been associated with the autophagic machinery underlining 

that macroautophagy is a selective process (Xilouri et al., 2013a). 

It was revealed in previous studies that LBs in PD co-localise with components of the 

ubiquitin proteasome system and autophagy lysosome system, such as ubiquitin, 20S 
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proteasome p62 and LC3. Whether these associations resulted in the degradation of LBs 

was uncertain. Previous studies demonstrated that such interactions did not lead to 

degradation of ! -synuclein aggregates (Tanik et al., 2013). It was shown in some 

experiments that over expression of ! -synuclein led to increased levels of the autophagy 

substrate, p62 (Winslow et al., 2010).  

Alpha-synuclein accumulation may promote the production of aggregating species that 

impairs proteolytic systems, such as macroautophagy, inhibiting their own degradation as 

well as the degradation of other proteins thereby creating a vicious cycle of cellular 

toxicity (Xilouri et al., 2013a). Autophagosome clearance defects have been reported in 

various forms of neurodegeneration. For instance, the microtubule- associated protein 1 

light chain 3B (LC3), a component of the autophagosome membrane, is elevated in PD 

brain tissues with abundant LB pathology (Tanik et al., 2013). However, Alvarez-Erviti 

and co-authors presented data that LC3-II levels were elevated in the substantia nigra pars 

compacta and amygdala of PD brain samples suggesting an increase in macroautophagy.  

The increase in autophagic markers raises arguments as to whether autophagy is a cause 

of neuronal loss or in fact is a protective mechanism. Some studies have shown that the 

increased number autophagosomes is accountable for the death of neurons (Schneider and 

Cuervo, 2014). However, emerging studies suggest that macroautophagy is induced to 

safeguard neurons by augmenting degradation of abnormal proteins that cause injury or 

apoptosis in the initial stages of neuronal death. The potential deleterious role of 

macroautophagy induction contradicts various studies suggesting that the amplification 

of macroautophagy could be utilised as a treatment strategy against ! -synucleopathies 

and other neurodegenerative diseases (Harris and Rubinsztein, 2012; Xilouri et al., 

2013a)s. A crosstalk between CMA and macroautophagy has been reported where 

impaired CMA has led to the subsequent upregulation of macroautophagy in stress-

induced cells concluding that the synergic relationship between both the autophagic 
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pathways is crucial (Cuervo and Wong, 2014; Wu et al., 2014). However, Xilouri and 

colleagues have suggested that in the case of ! -synucleopathies, strategies that include 

the induction of macroautophagy should be undertaken with caution so as to reduce 

unwanted macroautophagy from occurring (Xilouri et al., 2013a).  

1.8!SUMO Inhibitors  

Post-translational modification perturbations have been shown to contribute to various 

human diseases. Therefore, small molecule compounds that modulate post-translational 

modifications of proteins are thought to have potential to regulate biological processes 

and diseases (L. and M., 2014). Since SUMO modifications are involved in 

tumourigenesis and neurodegeneration, this suggests that SUMO modification is an 

important target for the development of drugs against these diseases.  

 

Figure 3 Chemical structure s of both Ginkgolic acid (GA) and Anacardic acid (AA). Derived PubChem Compound 

record for Ginkgolic acid and Anacardic acid; GA URL: https://pubchem.ncbi.nlm.nih.gov/compound/5281858. AA 

URL:  https://pubchem.ncbi.nlm.nih.gov/compound/167551. 

Previously, a study screened for inhibitors of SUMOylation from a botanical extract 

library using an in situ SUMOylation screening system. It was found that a compound 

from Ginkgo biloba leaves, ginkgolic acid (GA), inhibits SUMOylation (Figure 3). This 

was the first known small-molecule SUMOylation inhibitor. Anacardic acid (AA), a 

structural analog of GA, was also found to be inhibitory(Figure 3). GA binds directly to 

E1 and inhibits the formation of the E1-SUMO intermediate. These two natural products 

GA and AA inhibit in vitro protein SUMOylation with IC50 values of 3.0 and 2.2$M 
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respectively. These drugs selectively bind to the E1 enzyme which does not affect the 

ubiquitination pathway (Fukuda et al., 2016; Fukuda et al., 2009). Recently, Hirohama 

and co-authors discovered Spectomycin B1 using an in-situ cell-based screening system 

which directly binds to E2 enzyme, Ubc9, and selectively blocks the formation of the E2 

SUMO intermediate. The levels SUMOylation of RanGAP1 declined with increasing 

levels of Spectomycin B1 from 0$M to 10$M of concentration (Hirohama et al., 2013). 

Due to the recent discovery of GA being a Ubc9 inhibitor there are a number of reports 

revealing its potential use therapeutically. GA treatments have been found to cause anti-

metastatic activity leading to the downregulation of metastasis in breast cancer cells 

(Hamdoun and Efferth, 2017). Another study revealed that GA reduced the expression of 

key enzymes that contributed to tumour growth in pancreatic cancer (Ma et al., 2015). 

Furthermore, GA was found to alleviate cardiac fibrosis induced by myocardial infarction 

in mice (Qiu et al., 2018). It has also been reported that GA has neuroprotective effects 

on synaptic function due to A" -induced impairment in the hippocampus of mice (Mango 

et al., 2016). 

The discovery of the protein SUMOylation inhibitors, GA and AA, provides not only the 

starting materials for developing other therapeutically effective inhibitors of the SUMO 

pathway but also important tools for understanding the underlying molecular mechanisms 

by which SUMO proteins are associated with ageing, stress and neurodegeneration. 

1.9!Exosomes 

Several proteins, such as ! -synuclein, mediates vesicle secretion and trafficking in cells 

by regulating the recycling of synaptic vesicles (Grey et al., 2015). Studies have suggested 

that ! -synuclein spreads from neuron to neuron in a prion-like manner causing 

transmission of aggregation and eventually neurodegeneration with the aid of SUMO 

proteins (Emmanouilidou and Vekrellis, 2016; Longhena et al., 2017). It has been 
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proposed that ! -synuclein is secreted via exosomes causing the amplification and 

propagation of PD pathology (Grey et al., 2015; Olanow and Brundin, 2013; Russo et al., 

2012). Reports have found that exosomes containing ! -synuclein are released through 

calcium stimulation and then internalised by cultured neurons causing toxicity to these 

cells. Alpha synuclein, associated with exosomes can be found either inside or on the 

surface of these vesicles. The release of exosomes from cells to the surrounding matrix 

can be exacerbated due to cell stress such as the inhibition of autophagy and the lysosomal 

pathway (Olanow and Brundin, 2013).  

Exosomes, which are bioactive spherical membrane-bound vesicles of endocytic origin, 

ranging from 30 to 120nm in size. They are released into the extracellular matrix (ECM) 

by numerous cell types and are found abundantly in body fluids (Alvarez-Erviti et al., 

2011; Bang, 2012; Pant, 2012; Russo et al., 2012). Exosomes are formed in different sizes 

as intra-luminal vesicles that bud into early endosomes and multi-vesicular endosomes 

(MVEs). They are then released into the ECM through the fusion with the plasma 

membrane whereas other MVEs could fuse with lysosomes. The role and fate of these 

MVEs are determined at early endosomes (Raposo and Stoorvogel, 2013).  

Extracellular vesicle biogenesis appears to interact with microdomains regulated by 

posttranslational modifications including SUMOylation. SUMO-2 has been found to be 

released into extracellular vesicles through the exosome pathway. It has been reported 

that ! -synuclein is sorted in extracellular vesicles and this is regulated by SUMOylation.  

The targeting of both, cytosolic and transmembrane proteins into extracellular vesicles is 

facilitated by SUMOylation that acts as a sorting factor (KrŠmer-Albers and Hill, 2016; 

Kunadt et al., 2015). It has been highlighted that AAA (ATPases Associated with diverse 

cellular Activities)-ATPase, VPS4, being an important key player in ! -synuclein sorting 

into MVBs with the aid of SUMO, recruits ! -synuclein into exosomes via the interaction 
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with phospholipids and VPS4, Alix and TSG101. In addition, ! -synuclein was found to 

be released in a SUMO-dependent manner (Emmanouilidou and Vekrellis, 2016). 

SUMO has been known to play a key role in regulating the solubility of aggregation-

prone proteins and now, the extracellular vesicle release of ! -synuclein. Since 

SUMOylation aids with exosome-mediated release of ! -synuclein, SUMOylation could 

be linked to the elimination of excess proteins which the proteasome or lysosomes are 

unable to digest thereby providing a novel therapeutic target  to lessen or block the spread 

of ! -synuclein pathology (Longhena et al., 2017). 

1.10! Specific Study Aims 

1.10.1! Study Aim 1:  

The accumulation of protein aggregates which are also known as Lewy bodies, are 

pathological hallmarks of ParkinsonÕs disease.  An array of cellular responses face 

challenges to defend cells from Lewy bodies, namely through the autophagy system. The 

small ubiquitin-like modifier (SUMO) has been associated with lysosomes and Hsp90 in 

human diseased tissue that are aggregate-positive (Wong et al., 2013). Modulation of the 

SUMO pathway will determine the importance of SUMO present in neuropathological 

tissues. Research has introduced two specific chemical inhibitors anacardic acid (AA) and 

ginkgolic acid GA that inhibit SUMO-1. Further research is required to understand the 

mechanisms of SUMO-1 and its association to other intracellular proteins in response to 

aggregating toxic species observed in neurodegenerative pathology, such as PD. 

Therefore, this study will be subjecting SHSY5Y cells and primary rat neurons to KCl 

depolarisation to cause protein aggregation (Follett et al., 2013; Rcom-H'cheo-Gauthier 

et al., 2014) as well as GA and AA treatments at various concentrations. This study 

investigates if SUMO-1 inhibitors are effective in promoting clearance of ! -syn 

aggregates. 
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1.10.2! Study Aim 2:  

Human olfactory neurospheres (hONs) have been recently delineated as human cell 

models as they are derived from living patients via biopsies from the olfactory mucosa 

from healthy controls and patients diagnosed with various brain disorders. As the 

olfactory mucosa consists of stem cells that are multipotent, it possesses regenerative 

capacity to be able to proliferate and differentiate into various cell types. Previous studies 

utilised gene and protein expression profiling as well as cell function assays to 

demonstrate that the hONs cell model is useful and robust in providing new means to 

study the mechanisms of various human brain disorders and diseases. Therefore, to obtain 

a further insight on SUMOylation, the differential expression of SUMO pathway 

components will be investigated in hONs cells from age matched normal controls 

compared to PD patients in resting state and under proteolytic stress. These studies may 

reveal novel biomarkers for PD. 
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1.11! Significance 

The SUMO pathway, one of the major post-translational modifications, has been 

identified to play a crucial role in cellular systems in age-related diseases including PD. 

Previous findings have revealed the association of SUMOylation to a subset of lysosomes 

and Hsp90 in MSA and PSP post-mortem brain tissues (Pountney et al., 2005; Wong et 

al., 2013). Additional findings have determined that SUMOylated Hsp90 recruits the co-

chaperone Aha1 demonstrating that the SUMO pathway may be linked to CMA. 

Therefore, chapter 7 aims to investigate the SUMO-1 responses, SUMO-1 expression, 

SUMOylated lysosomes and levels of Hsp90, under the influence of SUMO-1 inhibitiors 

in an inducible PD cell model bearing ! -synuclein positive aggregates (Follett et al., 

2013; Rcom-H'cheo-Gauthier et al., 2014) . Although there has been increasing evidence 

demonstrating that the dysfunction of CMA leads to the pathogenesis of several 

degenerative disorders, other studies have revealed that CMA may be reciprocally linked 

to macroautophagy whereby the upregulation of macroautophagy can be induced due to 

unsuccessful CMA in cells that undergo protein dyshomeostasis (Cuervo and Wong, 

2014).  Therefore, this chapter explores the level of macroautophagy that occurs in 

response to SUMO inhibition in an aggregate bearing PD cell model. Furthermore, Wang 

and colleagues have demonstrated that incomplete CMA leads to the promotion of protein 

aggregates which are subsequently removed from cells by macroautophagy in AD and 

related tauopathies (Wang et al., 2010). Therefore, this chapter analyses the frequency of 

protein aggregation to determine if inhibition of the SUMO pathway and CMA promotes 

the clearance of accumulating toxic protein species in a PD cell model. The significance 

of this research lies in identifying a potential novel therapeutic target for PD (Chapter 5). 

Crucial research advances have been made to expand our understanding of the various 

cellular pathways that cause the dysfunction and eventual death in various human 

disorders including PD and other age-related degenerative diseases. The investigation of 
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the SUMO pathway has become increasingly prevalent concerning implications in protein 

handling and homeostasis in disease and ageing. Research studies have utilised several 

methods to study the pathogenesis of PD such as post-mortem brain tissues, cell models 

and animal models in search of markers and targets within pathways for the development 

of neuroprotective treatments aiming at slowing the progression of this debilitating 

disease (Schapira et al., 2014). However, there are some limitations that are present in 

these experimental approaches such as the limited availability and current stage of disease 

in post-mortem brain tissues, the level of precision of the disease in cell models, as well 

as the inability of mimicking the authentic human neural phenotype in animal models. 

Although utilising iPSCs from patients suffering from neurodegenerative diseases 

provides the opportunity to generate relevant cell types such as neurons and glia for 

further study, it is important to develop methods to minimise variation in differentiation 

within the same donor (Jung et al., 2012). Chapter 8 utilises patient-derived hONs cell 

lines from PD patients and age-matched normal controls obtained and cultured from the 

human olfactory mucosa of participants. These robust cell lines demonstrate significant 

disease-specific alterations in gene expression, protein expression and cell function 

relevant and analogous to dysregulated neurodevelopmental pathways identified in PD. 

Unlike iPSCs, hONs cell lines do not require reprogramming and are obtained from living 

patients suffering from this complex disorder (Matigian et al., 2010). These studies aim 

to investigate the differences of SUMO and Hsp90 expression and SUMOylated 

lysosomes in PD cell lines from 8 PD patient subjects in comparison to 8 age-matched 

normal controls. 

Yan and colleagues have demonstrated that E3 ligase, CHIP, and Hsp90 associate 

alternatively to client proteins to make the decision between its stabilisation or 

degradation based on the redox state of the client protein (Yan et al., 2010a). The study 

aims to compare levels of SENP3 and/or ubiquitinated SENP3 conjugates in both PD 
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derived cell lines and age-matched normal controls. The dysfunction of the main 

degradation pathways has shown to cause deleterious outcomes in cellular systems 

promoting the abnormal protein aggregation and cellular stress. Therefore, the treatment 

of hONs with the 26S proteasome inhibitor, MG132, will determine the differential 

SUMO-1 responses in stress-induced cells between PD hONs cell lines and age-matched 

normal controls. It has been reviewed that under stressful conditions SENP3 levels 

increase due to associating SENP3-Hsp90 (Guo and Henley, 2014). This chapter also 

investigates the levels of SENP3 and/or ubiquitinated SENP3 conjugates in both PD 

derived cell lines and age-matched normal controls in response to proteolytic stress. The 

analysis of levels of thioflavin-T positive puncta will be employed to determine if the 

proteasomal dysfunction causes the build-up of abnormal protein species differentially in 

PD hONs cell line and age-matched normal controls. Overall, the study investigates the 

SUMO pathway in PD patient-derived cell line compared to age-matched normal control 

participants and in response to proteolytic stress for the identification of crucial 

biomarkers for the pre-symptomatic diagnosis of PD (Chapter 6). 
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Chapter 2: Direct and/or Indirect Roles of SUMO in Modulating Alpha-Synuclein 

Toxicity  
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2.1!Abstract 

Alpha-Synuclein inclusion bodies are a pathological hallmark of several neurodegenerative 

diseases, including ParkinsonÕs disease, and contain aggregated ! -synuclein and a variety 

of recruited factors, including protein chaperones, proteasome components, ubiquitin and 

the small ubiquitin-like modifier, SUMO-1. Cell culture and animal model studies 

suggest that misfolded, aggregated ! -synuclein is actively translocated via the 

cytoskeletal system to a region of the cell where other factors that help to lessen the toxic 

effects can also be recruited. SUMO-1 covalently conjugates to various intracellular 

target proteins in a way analogous to ubiquitination to alter cellular distribution, function and 

metabolism and also plays an important role in a growing list of cellular pathways, 

including exosome secretion and apoptosis. Furthermore, SUMO-1 modified proteins 

have recently been linked to cell stress responses, such as oxidative stress response and heat 

shock response, with increased SUMOylation being neuroprotective in some cases. Several 

recent studies have linked SUMOylation to the ubiquitin-proteasome system, while other 

evidence implicates the lysosomal pathway. Other reports depict a direct mechanism 

whereby sumoylation reduced the aggregation tendency of ! -synuclein and reduced the 

toxicity. However, the precise role of SUMO-1 in neurodegeneration remains unclear. In this 

review, we explore the potential direct or indirect role(s) of SUMO-1 in the cellular 

response to misfolded ! -synuclein in neurodegenerative disorders. 

 

Keywords: alpha-synuclein; ParkinsonÕs disease; SUMO; multiple system 

atrophy; neurodegeneration; autophagy
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2.2! Introduction  

2.2.1! ParkinsonÕs Disease 

ParkinsonÕs disease (PD) is characterized by widespread intracellular inclusion bodies 

(Lewy bodies), composed largely of aggregates of the protein ! -synuclein. Although the 

current evidence indicates that Lewy bodies are part of a protective cell response, namely 

the aggresome pathway, the cytotoxicity of abnormal soluble ! -synuclein aggregates is 

implicated as a key factor causing cell death. The causes of ! -synuclein aggregation are 

at present unclear; however, oxidative stress, post-translational modifications, calcium 

dyshomeostasis and proteolytic stress are key factors leading to the formation of cytotoxic 

! -synuclein species (Breydo et al., 2012; Gir‡ldez-PŽrez et al., 2014; Rcom-H'cheo-

Gauthier et al., 2014; Wong et al., 2013). Indeed, intracellular ! -synuclein aggregates are 

found in a variety of other neurodegenerative diseases, including multiple system atrophy 

and dementia with Lewy bodies, the so-called ! -synucleinopathies, and are believed to 

form by a process involving the active translocation of soluble protein micro-aggregates 

along the microtubule network to converge on the microtubule organizing centre 

(MTOC/centrosome) (Jellinger, 2009; Johnston et al., 1998; Kim et al., 2014; Radford et 

al., 2014). Multiple modes of ! -synuclein toxicity have been demonstrated, including 

membrane permeabilization by annular oligomers, binding to and inhibition of 

components of the 26S proteasome, inhibition of both macro- and micro-autophagy and 

the action of extracellular aggregates causing astrocyte and microglial activation 

(Daturpalli et al., 2013; Roberts and Brown, 2015; Winner et al., 2011). The precise 

mechanisms are reviewed elsewhere (Daturpalli et al., 2013; Marques and Outeiro, 

2012a; Roberts and Brown, 2015; Winner et al., 2011). Indeed, the sequestration of 

soluble cytotoxic ! -synuclein species into filamentous aggresomes, although initially 

cytoprotective, might eventually also become toxic via the process of Lewy body 
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maturation (Chin et al., 2008). Moreover, reversal as well as prevention of ! -synuclein 

aggregation may offer cytoprotection in ! -synucleinopathy (Jackrel and Shorter, 2014). 

Aggresomes can be formed in neural cell culture under various conditions that result in 

the abnormal aggregation of cellular proteins and comprise amyloid-like ! -synuclein 

filaments and a variety of recruited factors, including protein chaperones, proteasome 

components, ubiquitin, and recently, neuropathological inclusion bodies have been found 

to accumulate the small ubiquitin-like modifier-1, SUMO-1 (Anderson et al., 2009a; 

Eckermann, 2013; Sarge and Park-Sarge, 2011). Punctate SUMO-1-positive structures 

occurring as small (<1 µM) domains within pathological protein inclusions bodies and/or 

punctate SUMO-1 cytoplasmic staining in close proximity to inclusions is typical of the 

immunohistochemical distribution of SUMO-1 in a range of neurodegenerative disease 

pathologies. SUMO-1 has been found to be associated with both cytoplasmic inclusion 

bodies, such as Lewy bodies, in dementia with Lewy bodies and also with intranuclear 

inclusion bodies, such as polyglutamine aggregates, in HuntingtonÕs disease and 

hereditary ataxias. Recent studies have suggested that there may be both direct and 

indirect links between SUMOylation and neurodegenerative disease pathology and the 

cell response to protein misfolding and aggregation. Thus, numerous aggregation-prone 

proteins linked to different diseases, including ! -synuclein, have been shown to be 

SUMO substrates, suggesting a direct involvement in modulating protein solubility. 

Whereas, the identification of links between SUMO-1 and autophagy indicate that there 

may be indirect involvement in the cellular systems that tackle protein aggregate 

toxicity. In this review, we evaluate a range of factors that could provide links between 

SUMOylation and the toxicity of ! -synuclein aggregates in neurodegeneration.
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2.2.2! SUMO-1 

SUMO, the Small Ubiquitin-like MOdifier, similar to ubiquitin, covalently conjugates to 

lysine residues in a wide range of substrate proteins, modulating the functional properties 

of the modified protein. Substrate proteins together with their binding properties can also 

be altered through the action of the SUMO pathway. There are three non-exclusive ways 

that this can be facilitated. SUMO modification can inhibit the binding site of a protein that 

interacts with the substrate protein by blocking the interaction site. Covalently attached 

SUMO could act as a hub for interaction by recruiting other binding partners. A 

conformational change in the SUMOylated substrate protein can modify its activity or expose 

previously marked binding sites (Anderson et al., 2009a; Wilkinson et al., 2010). As with 

ubiquitination, the mechanism of SUMOylation requires the coordinated actions of E1 

(SUMO-activating), E2 (SUMO-specific conjugating, Ubc9) and, in most cases, E3 

(SUMO ligase, e.g., PIAS3) enzymes that target recognition sequences within the target 

protein to covalently attach SUMO via C-terminal glycine to specific substrate lysine 

residues. 

 

 

Figure 4. Steps in the SUMOylation of target proteins. SUMO-1 modification of substrate protein requires cleavage 

of the pro-protein and the action of E1, E2 and E3 enzymes. Specific inhibitors, ginkgolic acid/anacardic acid and 

Spectomycin B1 can block E1 and E2 enzymes, respectively. SUMOylation of Hsp90 may modulate chaperone-

mediated autophagy. 
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Reports have found supporting evidence that SUMO may be neuroprotective. 

Experiments proposed that overexpressing SUMO could increase cell survival under 

cellular stresses such as oxygen and glucose deprivation. Consequently, the knockdown 

of SUMO expression has proven deleterious, which provides strong evidence for a 

neuroprotective role for SUMO. Moreover, SUMO upregulation can protect against 

oxidative stress in ischemia-reperfusion. However, in diseases characterized by hyper 

SUMOylation of target proteins, down regulating SUMOylation of those proteins could 

be useful. Therefore, it is not surprising that the dysregulation of the SUMO pathway 

has been associated with neurodegenerative disorders (Anderson et al., 2009a; Dorval 

and Fraser, 2007; Wilkinson et al., 2010). The detailed biochemistry of SUMOylation 

has been discussed in several recent reviews (Droescher et al., 2013; Eckermann, 2013; 

Guo and Henley, 2014; Henley et al., 2014; Sarge and Park-Sarge, 2011; Wasik and 

Filipek, 2014). Of the four mammalian SUMO isoforms identified, we will  focus here 

on the SUMO-1 isoform that has been found associated with pathological inclusion 

bodies in several neurodegenerative diseases. Thus, unlike the SUMO-2/3 isoforms, 

SUMO-1 does not form polymeric SUMO-1 chains and does not have a large 

unconjugated cellular pool. The consequences of SUMOylation are context-specific, 

interacting across diverse intracellular pathways, including transcriptional regulation, 

mitochondrial fission and protein degradation, with recent studies implicating SUMO 

modification of the chaperone, Hsp90, in the protein refolding and autophagy-lysosome 

pathways (Mollapour et al., 2014; Wong et al., 2013). Figure 4 illustrates the steps in 

SUMO-1 modification, illustrating Hsp90 as the target protein and specific inhibitors that 

can block the action of the E1 and E2 enzyme activities. 
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2.3! Potential Roles of SUMO-1 in ! -Synuclein Aggregation, Degradation and 

Neuroprotection 

2.3.1! SUMO-1 in ! -Synuclein Disease 

Central to the cytotoxicity of ! -synuclein in disease pathogenesis is the accumulation of 

aggregated or oligomeric forms of the protein due to aberrant protein folding. The major 

pathological hallmark of PD is the presence of Lewy bodies with the major constituent 

being accumulated aggregated forms of the ! -synuclein protein (Jellinger, 2009; Johnston 

et al., 1998; Kim et al., 2014). Thus, SUMOylation can impinge on the aetiology of ! -

synucleinopathy in one of two ways, either by modulating the propensity of ! -synuclein 

to aggregate or by affecting the action of the cellular degradative machinery in clearance 

of ! -synuclein aggregates, or indeed by a combination of both. SUMO-1 was first 

reported to be colocalised with pathological intranuclear protein aggregates in human 

neurodegenerative diseases (Pountney et al., 2003). Figure 5 (bottom panels) illustrates 

intranuclear inclusion bodies (white arrows) immunopositive for SUMO-1 (brown) in 

cortical tissue sections from HuntingtonÕs disease, Machado Joseph 

disease/spinocerebellar ataxia type-3 (MJD/SCA3) and neuronal intranuclear inclusion 

disease (NIID). SUMO-1 was then found to be associated with ! -synuclein 

immunopositive inclusion bodies in cases of multiple system atrophy and dementia with 

Lewy bodies, where small subdomains within the inclusion body structures were 

immunolabelled for SUMO-1 (Pountney et al., 2005). Figure 5 (top panels) shows the 

characteristic punctate features (arrowheads) with SUMO-1 immunofluorescence (green) 

observed in the glial cytoplasmic ! -synuclein inclusion bodies of multiple system atrophy 

and the cortical Lewy bodies of dementia with Lewy bodies. It is noteworthy that the 

SUMO-1 positive puncta are clustered in regions of the inclusion bodies with relatively 

little ! -synuclein immunoreactivity, similarly to that observed for the glial tau inclusion 
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bodies of progressive supranuclear palsy shown for comparison. SUMO labelling of Lewy 

bodies in ParkinsonÕs disease tissue was subsequently demonstrated by Kim and co-workers, 

who also showed that SUMO was recruited to ! -synuclein inclusions induced by 

proteasome inhibition in cultured cos-7 cells (Kim et al., 2011). Immunocapture studies 

then revealed that SUMO-1 was associated with several proteins (NSF, dynamin, Munc18 

and Hsp90) in preparations of pathological inclusion bodies with mechanistic links to the 

endomembrane system (Pountney et al., 2008b). More recently, SUMO-1 was found to 

be associated with lysosomes and Hsp90 in glial protein aggregate diseases, including the 

! -synucleinopathy, multiple system atrophy (Wong et al., 2013). Thus, in human diseased 

tissue, SUMO-1 conjugated to Hsp90 was found to be associated with lysosomes or 

lysosome remnants clustered around or embedded in ! -synuclein inclusion bodies, 

indicating a link to the autophagy response, rather than being directly conjugated to ! -

synuclein itself. Furthermore, the SUMOylation status was investigated in a unilateral 

oxidative stress mouse model of ! -synuclein disease, whereby Western analysis of the 

brain homogenates showed statistically significant increases of both SUMO-1 and ! -

synuclein in the lesioned hemisphere compared to the un-lesioned hemisphere. Furthermore, 

SUMO was found to be associated with lysosomes clustered around ! -synuclein 

intracellular inclusion bodies in both mouse and rat models and isolations of lysosomes 

from the mouse brain homogenates indicated increased SUMOylation of Hsp90 in the 

lesioned hemisphere as compared to the un-lesioned hemisphere (Weetman et al., 2013; 

Wong et al., 2013). Figure 6 illustrates the pronounced SUMO-1 immunofluorescence of 

lysosomes (arrowheads) marked by cathepsin D (CatD) in multiple system atrophy and 

rotenone rat ! -synucleinopathy model tissue sections found associated with ! -synuclein 

inclusion bodies (arrows). Moreover, an in vitro study investigated the direct effects of 

SUMOylation on the aggregation susceptibility of ! -synuclein. The study revealed that 

SUMOylation of a small portion of ! -synuclein was adequate to avoid its aggregation 
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(Abeywardana and Pratt, 2015). In agreement with these in vitro experiments, cell culture 

studies have revealed that SUMO deficient ! -synuclein exacerbated aggregation, causing 

detrimental increases in cellular toxicity (Krumova et al., 2011). Taken together, these latter 

studies suggest a potential neuroprotective role for SUMO in maintaining the solubility 

of ! -synuclein (Krumova and Weishaupt, 2013), although SUMOylation of ! -synuclein 

by the human polycomb protein has also been found to promote inclusion body formation 

(Oh et al., 2011). Besides modulating the propensity of ! -synuclein to aggregate and 

clearance of ! -synuclein aggregates so as to inhibit degeneration, the reversal of ! -synuclein 

aggregation by upregulating molecular chaperones to restore protein homeostasis 

(proteostasis) may also impinge on ! -synucleinopathy, as this strategy is able to reverse 

degeneration (Daturpalli et al., 2013; Jackrel and Shorter, 2014). 

2.3.2! SUMO-1 in ! -Synuclein Aggregate Clearance 

Intracellular mechanisms for the clearance of aberrantly folded proteins include two 

proteolytic pathways: The autophagy-lysosome pathway and the ubiquitin-proteasome 

system (UPS), both of which have potential roles for the SUMO-1 modification. While 

autophagy is a Òself-eatingÓ mechanism essential for selective/non-selective protein 

turnover, often of long-lived proteins, the UPS facilitates selective and rapid proteolysis of 

short-lived proteins via ubiquitination. Together, these pathways aid stress adaptation and 

maintain proteostasis in the cell. In UPS, degradation is ubiquitin-dependent and occurs 

at the 26S proteasome, an organelle consisting of a barrel-shaped 20S proteolytic core 

capped at both ends by the 19S regulatory subunits. Ubiquitin is capable of forming 

polyubiquitin chains at seven different lysine residues: K-6, K-11, K-27, K-29, K-33, K-

48 and K-63. Client proteins for proteasomal degradation are marked by Òsubstrate-

specificÓ ubiquitin E3 ligases, such as CHIP (carboxy terminus of Hsc70 interacting 

protein), Parkin, etc., via covalent polyubiquitination linked through K-48 residues. These 

ubiquitin multimers are recognized by the polyubiquitin binding receptors 
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(Rpn10/Rpn13) of the 19S regulatory particles and de-ubiquitinated. Following this, the 

ATPase component of the 19S mediates substrate unfolding, 20S gate opening and 

substrate channeling into the 20S core for proteolysis. Finally, the peptide bonds of the client 

proteins are hydrolyzed by the P-type subunits of 20S that possess caspase-like, trypsin-

like and chymotrypsin-like activities. Multiple factors affect UPS degradation. The prime 

rate-limiting factor is the substrate unfolding step, which is indispensable for allowing 

entry into the narrow 20S chamber. Hence, it is possible for large protein aggregates of the 

neurodegenerative diseases that cannot unfold to block this pathway. Multiple shuttling 

factors that deliver polyubiquitinated proteins via multiple direct and indirect routes have 

also been observed. Most factors contain a Òubiquitin-likeÓ domain (UBL/UBX)  at the N-

terminus that binds the 26S proteasome and a Òubiquitin-interacting motifÓ (UIM) or 

Òubiquitin-associatedÓ domain (UBA) at the C-terminus that binds polyubiquitinated 

proteins e.g., p62/sqstm1 (sequestome 1) protein, Rad23, DSK2, etc. Alternatively, some 

ubiquitin E3 ligases, e.g., Parkin, CHIP and VHL (von Hippel Lindau), possess their own 

UBL domains, or interact with proteins that have UBL domains, for proteasome binding. 

In addition, some of these shuttling factors are reported to deliver proteins to VCP 

(valosin-containing protein)/p97/Cdc48 complexes for unfolding prior to their delivery to 

proteasomes (Huang and Figueiredo-Pereira, 2010; Kraft et al., 2010; Tanida, 2011b; 

Wong and Cuervo, 2010). 
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Figure 5. SUMO-1 is found in both intracytoplasmic and intranuclear protein inclusion bodies in 

neurodegenerative diseases. (top) Immunofluorescence of isolated Lewy bodies from dementia with Lewy bodies brain 

tissue (arrow) contain punctate SUMO-1 immunopositive domains (arrowheads). Multiple system atrophy glial cytoplasmic 

! -synuclein inclusion (GCI, arrow) body with associated nucleus shows SUMO-1 domains (arrowheads) surrounding the 

aggregated a-synuclein [For details see (Pountney et al., 2005)]. Progressive supranuclear palsy perinuclear glial tau 

inclusion bodies (large arrow) are decorated with SUMO-1 domains (arrowheads) [For details see (Wong et al., 2013)]. 

(Bottom) Intranuclear neuronal inclusion bodies (arrows) in HuntingtonÕs disease and spinocerebellar ataxias (NIID, 

MJD/SCA3) immunostained intensely for SUMO-1 [For details see (Pountney et al., 2003)]. 

 

In autophagic proteolysis, recruitment of aggregated/misfolded proteins occurs into 

lysosomes with subsequent digestion in the lysosomal lumen. Depending on the mode of 

cargo delivery, autophagy has been differentiated to three sub-types: Microautophagy, 

macroautophagy and chaperone-mediated autophagy (CMA). In macroautophagy, cargo is 

enclosed by a double-membraned vesicle called the autophagosome that fuses with the 

lysosome for digestion, whereas, in microautophagy, cargo is directly engulfed by the 
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invagination of lysosomal membrane. In CMA, cargo is actively transported into the 

lysosomal lumen for proteolysis after client proteins are recognized by the cytoplasmic 

chaperone (Hsc70/heat shock cognate70) (Kaushik et al., 2011). Upon recognition, 

modulatory co-chaperones BAG1, HIP, HOP and Hsp40 along with Hsc70 target these 

proteins to the lysosomal surface. But lysosomal entry is permitted only to those 

substrates that are capable of complete unfolding, similar to the UPS process. 

Translocation across the lysosomal membrane into the lumen is facilitated by LAMP-2A 

(lysosome-associated membrane protein type 2A) and the luminal forms of Hsc70 (lys-

Hsc70) and Hsp90 (lys-Hsp90) (Bandyopadhyay and Cuervo, 2008; Kaushik et al., 2011) 

and can be inhibited by ! -synuclein mutants and aggregates (Cuervo and Wong, 2014). 

Moreover, ! -synuclein is also implicated in the inhibition of macroautphagy via 

interaction with rab1a (Stefanis, 2012b; Winslow et al., 2010). Emerging evidence 

indicates that micro- and macroautophagy can also selectively target specific organelles 

or protein aggregates (aggrephagy) for degradation [reviewed in (Kraft et al., 2009; 

Tanida, 2011a)]. Surprisingly, ubiquitination is found to act as a recognition signal for 

selective autophagy as well [reviewed in (Kraft et al., 2010; Yao, 2010)]. In this context, 

it is noteworthy that the topology of ubiquitin linkage, particularly K-63-linked 

polyubiquitin, has significance in both inclusion body formation and/or subsequent 

clearance in several neurodegenerative disorders (Bennett et al., 2007; Lim et al., 2006; 

Tan et al., 2008). In selective autophagy of protein aggregates, i.e., aggrephagy (see 

Figure 7), the key molecular players identified to date are p62/sqstm1, NBR1 (neighbour of 

Brca1 gene), LC3 (microtubule-associated protein 1 light chain 3) and HDAC6 (histone 

deacetylase 6). A multi-functional protein, p62, harbors multiple protein-protein interaction 

domains. Therefore, in addition to functioning as a shuttling factor of polyubiquitinated 

proteins for proteasomal degradation (as mentioned earlier), p62 also modulates formation 

of aggregates (Bj¿rk¿y et al., 2005) and aggresomes (Komatsu et al., 2007) and promotes 
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their autophagic clearance (Bj¿rk¿y et al., 2005; Komatsu et al., 2007; Tan et al., 2008). 

The autophagic degradation mediated by p62 is said to be selective due to its preferential 

binding of K-63-linked polyubiquitinated proteins (Tan et al., 2008) and recruitment of the 

autophagosomes via interacting with LC3 (Pankiv et al., 2007). LC3 is an essential 

component of the autophagosomal membrane and is conjugated to phosphoethanolamine 

(PE) during the formation of autophagosomes (Kabeya et al., 2000). Thus, p62 acts as an 

adaptor protein between aggregated protein and autophagosomes. The identification of other 

p62-like proteins, e.g., NBR1 (Kirkin et al., 2009) and Nix (Novak et al., 2010), has led to 

the recognition of a LC3-interacting (LIR) motif as being responsible for the specific 

recruitment of autophagosomes to protein aggregates (Kraft et al., 2010; Lamark et al., 2009). 

HDAC6, a microtubule-associated deacetylase, is suggested to act downstream of p62 in this 

pathway (Yao, 2010). Interestingly, HDAC6 is reported to act at two stages. First, it 

enhances aggresome formation via simultaneously binding K-63-linked polyubiquitinated 

proteins and dynein motors to retrogradely transport misfolded proteins along the 

microtubules to the aggresome (Kawaguchi et al., 2003; Olzmann et al., 2007). Enhanced 

aggresome formation by HDAC6 has been observed in PD. Second, it controls the 

autophagosome-lysosome fusion by recruiting the required actin-remodelling machinery 

(Lee, 2010). In fact, a deficiency of HDAC6 can result in protein aggregate build-up and 

neurodegeneration while the presence of HDAC6 can confer neuroprotection by 

facilitating autophagic degradation of toxic proteins (Ding et al., 2008; Pandey et al., 

2007a).  
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Figure 6.  SUMO-1 marks lysosomes in ! -synuclein inclusion body bearing cells in multiple system atrophy and 

rotenone rat ! -synucleinopathy model tissue. Immunofluorescence triple labelling for SUMO-1, the lysosome 

marker, CatD, and ! -synuclein reveals frequent colocalization of SUMO-1 with lysosomes (arrowheads) in close 

proximity to ! -synuclein inclusion bodies (arrows) (Wong et al., 2013). 

SUMO-1 has been identified to specifically co-localize with lysosomes and in ! -

synuclein aggregate-bearing cells in a human glial cell culture model under proteasome 

inhibition (Wong et al., 2013). Although the lysosomal and proteasomal proteolysis 

pathways were previously thought to function independently, recent evidence indicates 

the existence of specific mechanisms for collaborative functioning between selective 

autophagy pathways and proteasomal degradation, especially in the event of toxic 

accumulation of protein aggregates. This crosstalk is considered to be made possible by 

the dual role of ubiquitination which acts as the protein degradation signal for both UPS and 

the selective mode of macroautophagy (Kraft et al., 2010; Yao, 2010). However, the roles of 

other post-translational modifiers like acetylation, SUMO, etc. have been overlooked. 

Increased acetylation of a lysine residue in Htt has been reported to facilitate enhanced 

macroautophagic clearance and thereby reverse toxicity in cellular and transgenic models 

of HD (Bj¿rk¿y et al., 2005; Iwata et al., 2005). Similarly, the SUMO post-translational 
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modification is found in the inclusion bodies and reported to associate with 

neurodegenerative disease-specific proteins to produce substrate-specific effects. SUMO 

has also been observed to associate with and/or functionally modulate several key players 

of proteasomal as well as lysosomal pathways (discussed below). Furthermore, clustering 

of SUMO-1-positive lysosomes within and around pathological protein inclusion bodies 

in MSA and PSP has recently been observed. Figure 6 shows examples of lysosomes that 

are either embedded in or surround ! -synuclein intracytoplasmic aggregates in MSA and 

rat model tissue, respectively. SUMO-1 was also found to be associated with lysosomes in 

cellular models of ! -synucleinopathy, tauopathy and polyglutamine disease (Wong et al., 

2013). These findings suggest that SUMO may play a direct and/or indirect role in the 

cellular response to ! -synuclein misfolding and aggregation in neurodegenerative diseases. 

In an attempt to define the molecular aspects of this mechanism, we have surveyed the 

existing literature for links to the potential roles of SUMO in the cell response to 

aggregated a-synuclein, summarized in Figure 7 and below. 
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Figure 7. Mechanistic model for the role of SUMO-1 in protein misfolding. SUMO-1 post-translational 

modification of target proteins can modulate ! -synuclein aggregation, refolding and aggregate clearance. 

SUMOylation of one or more of the potential substrate proteins illustrated in a variety of cellular pathways associated 

with protein aggregation (Hsp90, HDAC6, p97/VCP, TRAF6, ARF, Parkin, ! -synuclein) could link SUMO-1 to the 

cellular response to aggregated ! -synuclein in neurodegenerative disease. See text for details. 

2.3.3! ! -Synuclein and SUMOylation 

! -Synuclein is a 14kDa protein encoded by the SNCA gene that is highly conserved in 

vertebrate species. Although the exact role of ! -synuclein remains unclear, the protein is 

primarily localized to presynaptic terminals of dopaminergic neurons (Clayton and 

George, 1999) and is thought to be involved in neurotransmitter vesicle recycling and 

dopamine neurotransmission through interaction with soluble NSF attachment protein 

receptor (SNARE) (BurrŽ et al., 2010). ! -Synuclein has been shown to interact with 

membranes (McLean et al., 2000) and function as a SNARE associated protein mediated 

by Rab3a (Chen et al., 2013). Interestingly, Krumova et al. have shown recently that 

SUMOylation of ! -synuclein in vitro results in a less aggregation-prone protein. In 
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animal model studies, neuron-specific expression of the SUMO-2 isoform was shown to 

cause ! -synuclein SUMOylation and mutation of lysine residues in the hydrophobic NAC 

domain that can be SUMOylated was found to reduce the toxicity of ! -synuclein when over-

expressed in rat brains from a neuron-specific viral vector (Krumova et al., 2011). Moreover, 

Kim et al. 2011 have shown recently that COS-7 cells transfected with ! -synuclein, treated 

with MG-132 for 18 h had SUMO-1 staining of perinuclear ! -synuclein inclusion bodies and 

SUMO-1 granules clustered nearby (Kim et al., 2011). When subjected to anti-! -

synuclein, IP SUMO-1-positive bands were detected in the transfected COS-7 cell extracts 

and blocking SUMOylation did not inhibit ubiquitination. Interestingly, SUMO-2 has also 

been implicated in the regulation of exosome mediated ! -synuclein secretion, which may 

have relevance to the proposed prion model of disease spread in ! -synuclein disease 

(Kunadt et al., 2015). Although direct SUMOylation of ! -synuclein was not detected in IP 

of purified pathological aggregates (Wong et al., 2013), this does not necessarily contradict 

the cell culture model studies, as SUMO modification would be expected to confer 

resistance to aggregation. 

2.3.4! Chaperones, Co-Chaperones and Adaptor Proteins 

Several chaperone and co-chaperone proteins, such as Hsc70, Hsp70, Hsp90 and Hsp40, play 

important roles in the protein degradative and protein misfolding/ aggregation response 

pathways, as mentioned previously, several of which interact with the SUMOylation 

cascade. Indeed, Balch and co-workers recently proposed the existence of the chaperone-

rich quinary- or Q-body cytoplasmic compartment to participate in the decision between 

degradation or refolding [Figure 7; (Roth and Balch, 2013)]. At the substrate level, several 

adaptor proteins are found to function in both UPS and autophagy pathways, where some 

proteins decide the catabolic route to be taken by the misfolded/aggregated protein. For 

instance, Parkin and VCP mediate both UPS and aggresome formation, while the 
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BAG1/BAG3 ratio and CHIP select between autophagic and proteasomal degradation 

(Huang and Figueiredo-Pereira, 2010; Kraft et al., 2009). 

2.3.4.1!Hsp90 

Hsp90 is a multifunctional protective chaperone protein that is involved in the folding, re-

folding and disaggregation of a diverse range of proteins as mentioned above. Indeed, 

Hsp90 inhibition can reduce ! -synuclein aggregates by inducing macroautophagy (Riedel 

et al., 2010). Other important functions of Hsp90 include the maintenance of tertiary 

structure and ATP-ase activity of the proteasome, activation of protein kinases, activation of 

heat shock factor, etc. This functional diversity and specificity of Hsp90 is made possible 

by its conformational flexibility and dynamic association with various co-chaperone 

complexes. Wong and co-workers have shown recently that Hsp90 co-localized with 

SUMO-1 in ! -synucleinopathy and tauopathy diseases and cell culture models (Wong et 

al., 2013). Moreover, SUMOylation of Hsp90 at the N-terminus has been shown to 

promote recruitment of the Aha1 co-chaperone (Mollapour et al., 2014). Furthermore, a 

screening study has identified Cdc37, a Hsp90 co-chaperone that is important for some 

autophagy pathways, is constitutively SUMOylated in vivo (Jakobs et al., 2007). Thus, 

SUMOylation of lysosomal Hsp90, residing in the lysosomal lumen, may be important 

for its function in chaperone-mediated autophagy. 

2.3.4.2!HDAC6 

At the regulatory level, inhibition or impairment of UPS stimulates autophagy via HDAC6-

dependent mechanisms (Iwata et al., 2005; Pandey et al., 2007b). HDAC6 has a dual role in 

autophagy in aggresome formation (Kawaguchi et al., 2003; Olzmann, 2008) and 

autophagosome maturation (Lee, 2010) and hence this protein is essential for the 

successful completion of the autophagic process. HDAC6 is also important for 

mitophagy (Chu, 2011; Vives-Bauza and Przedborski, 2011) and regulation of the ATP-

dependent activity of Hsp90 (Scroggins et al., 2007). Given that, SUMOylation can 
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modulate the activities of other histone deacetylases like HDAC1 (David et al., 2002) and 

HDAC2 (Yang and Sharrocks, 2004), it could possibly regulate HDAC6 activity in a 

similar manner. In fact, an in vitro assay has revealed HDAC6 SUMOylation by SUMO-

1 and SUMO-2 (Kirsh et al., 2002). Furthermore, SUMO-dependent recruitment of 

HDACs by specific proteins has also been demonstrated (David et al., 2002; Girdwood et 

al., 2003; Shiio and Eisenman, 2003; Yang and Sharrocks, 2004), although the 

mechanisms of this molecular specificity remain unclear. SUMO-dependent recruitment 

of HDAC6 is so far reported only by p300 protein (Girdwood et al., 2003). Pharmacologic 

HDAC inhibitors induce hyperacetylation of Hsp90 and dissociate client proteins from the 

chaperone, leading to their degradation by the ubiquitin-dependent proteasomal pathway 

(Girdwood et al., 2003; Pearl et al., 2008). These studies highlight the fact that both general 

inhibition of HDACs and specific knockdown of HDAC6 can alter cytoplasmic-based 

processes (Hubbert et al., 2002; Pratt and Toft, 2003). Moreover, HDAC6 is found to 

accumulate in both Lewy bodies and ! -synuclein glial cytoplasmic inclusions (Miki et 

al., 2011). 

2.3.4.3!VCP 

VCP (P97) is a ubiquitin-selective chaperone that functions to disassemble protein 

complexes. Thus, shuttling factors of the UPS deliver client proteins to VCP for unfolding 

prior to delivering them to the proteasome (Yamanaka et al., 2012). Recently, it has been 

proposed that a balance between HDAC6 and VCP determines the fate of ubiquitinated 

proteins because VCP promotes proteasome-mediated protein degradation while HDAC6 

stimulates aggresome formation via accumulating ubiquitinated proteins (Boyault et al., 

2006). Nevertheless, aggresome formation was found to be impaired in VCP mutant cells 

and rescued by the expression of HDAC6 (Ju et al., 2008). This suggests an interaction 

between HDAC6 and VCP is necessary for proper aggresome formation. Furthermore, 

VCP has been found to play a role in autophagosome maturation, which was first 
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identified in mammalian cells. Mutants of p97 exhibit an upregulation of the autophagosomal 

markers, p62 and LC3II. Upon nutrient starvation-induced macroautophagy, cells 

expressing decreased p97 fail to degrade LC3II, demonstrating that p97 activity is required 

for the fusion of the autophagosome-lysosome, the formation of the autophagolysosome 

and eventually protein degradation (Dargemont and Ossareh-Nazari, 2012). Furthermore, 

VCP binds to SUMOylated targets and has been speculated to disassemble SUMO-stabilized 

protein assemblies, playing a role in SUMO-targeted ubiquitin-mediated degradation by 

the UPS (Bergink et al., 2013). 

2.3.4.4!Parkin 

Recent studies by Um et al. (Um and Chung, 2006) have shown that the PD-linked E3 

ligase, Parkin, that mediates K-63 ubiquitination associated with the aggresome pathway 

undergoes functional modulation through physical interaction with SUMO-1. 

Furthermore, Parkin-mediated K-63 ubiquitination was also found to be associated with 

NFKB signalling under cellular stress conditions, a pathway recently linked to non-selective 

macroautophagy of mitochonchondia (mitophagy) (Lim et al., 2015). Moreover, Parkin-

directed ubiquitination of mitochondrial surface proteins in concert with PINK1 and ! -

synuclein has been shown to target damaged mitochondria for macroautophagy (Durcan 

and Fon, 2015; Norris et al., 2015). Indeed, ubiquitin-like modifiers may play a more 

general role in mediating interactions between cargo and selective macroautophagy 

receptors, such as p62, and engaging the autophagosome nucleation machinery (Rogov et 

al., 2014). 

2.3.4.5!TRAF6 

Tumor necrosis factor-receptor associated factor 6 (TRAF6) is a RING-finger protein that 

acts as an E3 ubiquitin ligase. It is a common player in genetic and sporadic PD and a 

potential coordinator of the activation of autophagy and UPS (Paul and Kumar, 2011). 

TRAF6 binds misfolded mutant DJ-1 and ! -synuclein. Interestingly, rather than 
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conventional K-63 assembly, TRAF6 promotes atypical ubiquitin linkage formation to 

both PD targets that share K-63-, K-27- and K-29- mediated ubiquitination. Importantly, 

TRAF6 stimulates the accumulation of insoluble and polyubiquitinated mutant DJ-1 into 

cytoplasmic aggregates. In human post-mortem brains of PD patients, TRAF6 protein 

colocalizes with ! -synuclein in LBs (Zucchelli et al., 2010). TRAF6 is an 

adaptor/scaffold protein that mediates several important signalling pathways, including 

the tumor necrosis factor-R:NF-KB pathway, involved in immune surveillance and 

inflammation. TRAF6 resides not only in the cellular cytoplasm but is also found in the 

nuclei of both normal and malignant B lymphocytes. TRAF6 does not possess a nuclear 

localization signal but enters the nucleus through the nuclear pore complex containing 

RanGap1. Nuclear TRAF6 is modified by SUMO-1, interacts with HDAC 1, and 

represses c-Myb-mediated transactivation (Pham et al., 2008). Of the SUMO proteins, 

only SUMO-1 contains a nuclear localization signal that functions by transporting the 

cargo protein into the nucleus. Interestingly, SUMOylation of P-arrestin 2 attenuates 

binding to TRAF6, enhancing TRAF6 oligomerization and autoubiquitination (Xiao et 

al., 2015a). The adaptor protein p62 is also found to contain a binding site for TRAF6 

(Huang and Figueiredo-Pereira, 2010). 

2.3.4.6!CHIP 

Hsp90 and the co-chaperone/ubiquitin ligase carboxyl terminus of Hsc70-interacting 

protein (CHIP) control the turnover of client proteins. CHIP is a RING-finger protein that 

acts as an E3 ubiquitin ligase and directs K-11 polyubiquitination. Upon complexation with 

BAG1 and Hsc70, CHIP polyubiquitinates BAG1, leading to proteasomal degradation 

(Figure 7) (McDonough and Patterson, 2003). The ubiquitin ligase activity of CHIP 

resides in its U-box domain, while its interaction with the molecular chaperones Hsc70-

Hsp70 and Hsp90 is via its TPR domain. A recent study provides evidence that the 

phosphorylation of the C-terminal region of both Hsp70 and Hsp90 is critical for the 
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decision between folding and degradation of substrate proteins by the alteration of CHIP 

(Muller et al., 2013). Thus, CHIP can act as a biomolecular switch between the folding-

refolding and proteolytic pathways. In fact, a similar role for CHIP is observed in AP 

metabolism (Kumar et al., 2007). In addition, by ubiquitination of tau, CHIP appears to 

ameliorate the formation of tau neurofibrillary tangles associated with AlzheimerÕs disease 

pathology (Sahara et al., 2005). A recent study reports redox regulation of the SUMO2/3-

specific de-SUMOylating protease (SENP3) by CHIP via cross-interaction with Hsp90 

(Yan et al., 2010a). Thus, upon mild oxidative stress, SENP3 is protected from CHIP-

mediated ubiquitination and degradation, which results in elevated levels of SENP3. 

Although a similar mechanism is yet to be delineated for SUMO-1, the overall 

SUMOylation level in cells or SUMOylation of specific target proteins is likely 

modulated by the complex interplay of SUMOylating and deSUMOylating enzymes and 

accessory factors. 

2.3.4.7!P53 and ARF 

Both p53 and ARF proteins that work cooperatively in their tumour-supression function 

have recently been reported to play roles in the induction of macroautophagy (Balaburski 

et al., 2010). ARF (alternative reading frame) protein is generated by alternate splicing 

from the INK4 locus and is capable of both SUMOylation and K-63 polyubiquitination. 

ARF is reported to trigger SUMOylation of MDM2 and nucleophosmin (Tago et al., 2005), 

whilst nucleophosmin may sequester ARF in the nucleolus, preventing it from inhibiting 

MDM2. Studies have shown that the SENP3 and ARF are co-antagonistic in regulating 

the SUMOylation of nucleophosmin (Haindl et al., 2008). ARF also promotes K-63 

polyubiqutination of COMMD1 and thereby directs it for proteasomal degradation 

(Huang et al., 2008). ARF overexpression has also been shown to induce SUMOylation 

in human colon cancer cells. Furthermore, ARF showed specific interactions with the E2 

SUMO ligase (Ubc9) making connections with target proteins indicating that ARF may 
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act as an effective E3 SUMO ligase (Ivanschitz, 2013) and ARF-mediated induction of 

macroautophagy was dependent on cytoplasmic Hsp70 binding (Pimkina and Murphy, 

2011). Interestingly, PUMA-independent macroautophagy induction by p53 is dependent 

on PIASy-mediated SUMOylation that also promotes increased p53 cytoplasmic 

localization (Naidu et al., 2012). 

2.4! Therapeutic Implications of SUMO Modulation of Selective Autophagy for 

Neuroprotection 

SUMO-1 impinges on a number of different pathways related to protein 

folding/misfolding, the ubiquitin-proteasome system and the autophagy-lysosome system 

that could modify the toxicity of ! -synuclein, either by direct SUMOylation of ! -

synuclein or indirectly by SUMOylation of factors, such as Hsp90. Figure 7 summarizes 

the various pathways implicated for SUMO modification in the response to ! -synuclein 

aggregates. We know that cross-talk between pathways enables selective and efficient 

degradation of specific proteins and organelles, and thereby enhances the ability of cells 

to cope with starvation, stress and pathological conditions. Hence, potentially the most 

effective therapeutic approach to alleviate the toxic burden caused by ! -synuclein 

misfolding and/or aggregation would be to promote proteolysis in an efficient, yet specific 

manner. Of the different cellular mechanisms to eliminate toxic ! -synuclein aggregates, 

the best route for therapeutic intervention would likely be the selective macroautophagy 

pathway, as pathologic aggregates are known to impair or inhibit both the UPS (Bence et 

al., 2001) and CMA (Cuervo and Wong, 2014) pathways due to the prerequisite unfolding 

step prior to degradation. Indeed, recent studies suggest that dysregulation of CMA occurs 

before substantial ! -synuclein aggregation in PD (Murphy et al., 2015). Given the 

interplay between SUMOylation and ubiquitination and the specific effects they exert on 

both neurodegenerative disease and autophagy-lysosome pathway proteins, SUMOylation 

could be modulated to influence the functions of multiple proteins and produce a 
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protective outcome. It will  be interesting to determine, for example, if  inhibition of 

SUMOylation could inhibit the early chaperone-mediated autophagy response and if  this 

might reciprocally upregulate macroautophagy and even modulate ! -synuclein toxicity. 

2.5! Conclusions 

It is clear that SUMO-1 can modulate a number of key pathways influencing the 

formation and clearance of potentially cytotoxic ! -synuclein species. Further studies are 

required to determine whether direct SUMOylation of ! -synuclein or SUMOylation of 

other proteins is the dominant mechanism affecting the pathogenesis of ! -

synucleinopathy. 
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Chapter 3: SUMOylation, ageing and autophagy in neurodegeneration 
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3.1!Abstract 

Protein homeostasis is essential for the wellbeing of several cellular systems. Post-

translational modifications (PTM) coordinate various pathways in response to abnormal 

aggregation of proteins in neurodegenerative disease states. In the presence of 

accumulating misfolded proteins and toxic aggregates, the small ubiquitin-like modifier 

(SUMO) is associated with various substrates, including chaperones and other recruited 

factors, for refolding and for clearance via proteolytic systems, such as the ubiquitin-

proteasome pathway (UPS), chaperone-mediated autophagy (CMA) and 

macroautophagy. However, these pathological aggregates are also known to inhibit both 

the UPS and CMA, further creating a toxic burden on cells. This review suggests that re-

routing cytotoxic aggregates towards selective macroautophagy by modulating the 

SUMO pathway could provide new mechanisms towards neuroprotection.  

 

Keywords: neurodegeneration, misfolded protein, post-translational modifications, 

small-ubiquitin-like modifier, autophagy. 
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3.2!Post-translational modifications in aging and neurodegeneration  

In most organisms, ageing is a shift from the fully functional to the deterioration of 

various physiological processes leading to impaired function and increased vulnerability 

to death. Ageing is reported to be the major risk factor for the onset and progression of 

several diseases such as cancer, neurodegeneration and cardiovascular disease (L—pez-

Ot’n et al., 2013; Sen et al., 2016; Soltow et al., 2010). Neurodegenerative diseases 

diversely comprise of chronic progressive disease states that are characterized by gradual 

dysfunction and loss of neurons due to the abnormal deposition of misfolded and 

aggregated proteins in various brain regions (Kovacs et al., 2017; Pratt et al., 2015). Cells 

lose their ability to cope with the accumulation of oligomeric protein complexes that 

deteriorate the protein quality control system leading to neurotoxicity and ultimately 

widespread neurodegeneration (Takalo et al., 2013). These adverse effects that occur 

within cells are prevented by the process referred to as protein homeostasis or 

proteostasis. This is orchestrated by several post-translational mechanisms through the 

aid of protein chaperones, co-chaperones and mediators that fold and/or refold misfolded 

proteins, maintaining the correct conformation and/or attempting to sequester or degrade 

toxic soluble misfolded species via aggresomes and autophagy. It has been suggested that 

cells actively sequester misfolded proteins in chaperone-rich quinary (Q-body) 

compartments (Alavez, 2017; Escusa-Toret et al., 2013; Roth and Balch, 2013). These 

misfolded species are then directed to the ubiquitin proteasome system (UPS) and/or the 

autophagy lysosome pathway (ALP)  for degradation so as to prevent neurotoxicity 

(Manecka et al., 2017). However, the toxic accumulation of protein aggregates has been 

reported to cause secondary inhibition of the proteasome as well as lysosome system 

causing a vicious cycle encouraging further aggregation and cell death (Cuervo and 

Wong, 2014; Schapira et al.). There has been a rising interest in post-translational 

modification by the small ubiquitin-like modifier (SUMO), known as 
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SUMOylation, as it has been identified as one of the key regulators in various cellular 

mechanisms in age-related diseases (Flotho and Melchior, 2013; Xiao et al., 2015a). 

Neuropathological inclusion bodies found in various neurological conditions have been 

reported to contain SUMO and/or SUMO target proteins, such as ! -synuclein, which has 

been classified as a SUMO substrate. SUMO-1 has also been found to be associated with 

lysosomes conjugated to Hsp90 in the ! -synucleopathy, MSA, and in a unilateral PD 

mouse model suggesting a possible link to chaperone-mediated autophagy (Weetman et 

al., 2013; Wong et al., 2013). Anderson and co-workers have reviewed the affiliation of 

SUMO and various SUMO substrates to a range of neurological deficits and cellular 

stressors such as ParkinsonÕs disease (PD), AlzheimerÕs disease (AD), polyglutamine 

(Poly-Q) diseases, oxidative stress, osmotic stress and hypoxic stress (Anderson et al., 

2017; Ficulle et al., 2018; Peters et al., 2017; Princz and Tavernarakis, 2017). In this 

review, we focus on the various cellular responses SUMOylation is linked to in 

neurodegenerative protein aggregation diseases and the potential of modulating the 

SUMO pathway to promote neuronal health. 

3.3!SUMOylation, chaperones, co-chaperones and adaptor proteins 

SUMO has been reported to play an important role in DNA repair and telomere 

maintenance as well as intracellular transport and signalling processes to maintain 

physiological functions and survival. Peters and colleagues have summarised the various 

processes and proteins that SUMO regulates in the central nervous system as well as in 

neurodegeneration (Peters et al., 2017). The SUMO protein covalently modifies acceptor 

lysine residues of this diverse range of target proteins altering their functional properties 

through the process called SUMOylation (Iribarren et al., 2015; Krumova and Weishaupt, 

2013). SUMO-mediated modulation can occur via the inhibition of the binding site of a 

protein preventing its interaction with its substrate protein as well as posing as a ÔhubÕ for 

interaction by recruiting other binding partners. Furthermore, the SUMO modified 
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substrate protein may change in conformation which may lead to alterations in its activity 

or reveal previously exposed binding sites (Vijayakumaran et al., 2015a; Wilkinson et al., 

2010). SUMO paralogues 1, 2 and 3 are found abundantly in the brains of vertebrates, 

although SUMO-2 and SUMO-3 are usually collectively referred to as SUMO-2/3 as they 

are almost identical in sequence. The SUMO-1 isoform is unable to form polySUMO-1 

chains like SUMO2/3 isoforms and does not have a large unconjugated cellular pool (Cho 

et al., 2015; Lee et al., 2014; Vijayakumaran et al., 2015a; Yang et al., 2016). Like 

ubiquitination, the SUMO pathway requires the co-ordinated actions of the SUMO 

activating E1 enzyme, SUMO-specific conjugating E2 enzyme (Ubc9) and the SUMO 

ligase (PIAS3) E3 enzyme and their detailed biochemistry is discussed in recent reviews 

(Eckermann, 2013; Guo and Henley, 2014; Sarge and Park-Sarge, 2011). Regardless of 

this covalent SUMO modification, the process is easily reversible due to the action of 

SUMO-specific deSUMOylation enzymes (SENPs). In mammals, there are 6 different 

SENPs that are known to be regulators of the SUMO pathway (Flotho, 2013; Wilkinson 

et al., 2010; Yang et al., 2016). As a result, SUMO conjugation is able to act as a reversible 

switch to facilitate or prevent protein-protein interactions with the substrate protein in 

response to SUMOylation status. The stability of SENPs, particularly SENP3, is directed 

by the tumour suppressor protein p19 (arf) promoting the turnover of SENP3 in a UPS-

dependent manner. Hsc70Ðinteracting protein (CHIP) facilitates the ubiquitination of 

SENP3 followed by its degradation under normal conditions. SENPs show variable 

inducibility, cellular and subcellular distribution, thereby fine-tuning SUMO status, with 

SENP5 showing largely synaptic expression (Mendes et al., 2016; Akiyama et al., 2018). 

However, it has been reported that under cell stress SENP3 levels are increased, due to 

its association with the molecular chaperone, heat shock protein 90 (HSP90), which 

protects it from CHIP-mediated ubiquitination (Guo and Henley, 2014; Yan et al., 2010b).  
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Various chaperones and co-chaperones such as Hsc70, Hsp70, Hsp90 and Hsp40, that 

play many crucial roles interact with the SUMO pathway (Wong et al., 2013). It has been 

proposed that a chaperone-rich Q-body cytoplasmic compartment exists where a decision 

is made about whether a misfolded protein should undergo degradation or refolding (Roth 

and Balch, 2013). In addition, various adaptor proteins have been discovered to play 

essential roles in the UPS and ALP in establishing the fate of misfolded and/or aggregated 

proteins. Parkin mediates the K-63 poly-ubiquitination associated with aggresome 

formation (Olzmann, 2008) whereas VCP (P97) disassembles SUMOylated proteins 

directing them to the UPS (Yamanaka et al., 2012). A balance between VCP and HDAC6, 

which stimulates aggresome formation, is crucial to determine the fate of ubiquitinated 

proteins. In VCP mutant cells, aggresome formation was found to be impaired which was 

counteracted by the expression of HDAC6 showing that they work in unity to ensure 

proper aggresome formation (Richter-Landsberg and Leyk, 2013). Furthermore, 

BAG1/BAG3 ratio and CHIP adaptor proteins work together to determine if 

polyubiquitinated proteins should be directed to the UPS or ALP (Kumar et al., 2007; 

Shimamoto et al., 2013). 

3.4!SUMO-1 in neurodegenerative diseases 

The disruption of basal SUMOylation in neuronal dysfunction has been implicated in 

neurodegenerative disorders such as PD, AD and spinocerebellar ataxias (SCAs)(Cho et 

al., 2015; Matsuzaki et al., 2015). Reports have identified SUMO-1 marking nuclear and 

cytoplasmic inclusion bodies in familial neuronal intranuclear inclusion disease (NIID), 

SCA3, HuntingtonÕs disease, dementia with Lewy bodies, progressive supranuclear palsy 

and multiple system atrophy (MSA) (Pountney et al., 2005; Pountney et al., 2003), with 

punctate SUMO-1 structures in cytoplasmic inclusions assigned to trapped lysosomes. 

Weetman and co-workers demonstrated that in a rotenone-lesion model of PD, increased 

baseline SUMO-1 expression was observed in aged brain compared to young mice in 
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unlesioned hemisphere, whereas, increased SUMOylation occurred in both young and 

aged mice in the lesioned hemisphere. Moreover, it was also revealed that the co-

localisation of SUMO-1 to lysosomes is consistently observed in the affected brain 

regions of human disease, rodent and cell culture models, providing a link to autophagy 

in response to aggregation (Weetman et al., 2013). Krumova and coworkers revealed that 

mutations of the two consensus of the SUMOylation sites led to aggravated ! -synuclein 

toxicity reducing the number of dopaminergic neurons in a PD rat model (Krumova et al., 

2011). In HD, the pathogenic fragment Huntingtin, was found to be modified by SUMO-

1 where it was suggested that the SUMOylated Htt reduced inclusion body formation. 

However, this did not reduce toxicity but in fact contributed to the disease pathology 

showing that the reduction of aggregated protein does not always mean a reduction in 

neurotoxicity (Steffan et al., 2004). Moreover, although both ! -synuclein and tau have 

been shown to be SUMOylation targets in vitro, the presence of the SUMOylated species 

in pathological aggregates is unclear (Wong et al, 2013; Luo et al 2016). Oxidative stress 

can either increase or decrease SUMOylation. Recently, quercetin was found to increase 

total SUMOylation and also increase the expression of the oxidative stress master 

regulator, NRF2, rendering cells more tolerant to glucose/oxygen deprivation (Lee et al, 

2016).  Furthermore, the overexpression of SUMO in conditions such as brain ischemia 

and hypoxia, could increase cell survival whereas the knockdown of SUMO expression 

has proven to be toxic to cells demonstrating evidence that SUMO may play a protective 

role in cellular responses overcoming stressors such as glucose and oxygen deprivation 

(Silveirinha et al., 2013; Yang et al., 2016). Indeed, many mitochondrial associated 

proteins are SUMOylated, such as Drp1 and MFF, thereby influencing mitochondrial 

fission, the clearance of dysfunctional mitochondria and cell death (Paasch et al., 2018; 

Guo et al., 2017), and SENP2 knockout that blocks Drp1 deSUMOylation was found to 

induce a neurodegenerative phenotype (Fu et al., 2014). 
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3.5!Modulating SUMOylation as a therapeutic target to combat neurodegeneration 

It has been proposed that SUMOylation of target proteins may have direct and/or indirect 

links to neurodegenerative disease pathology (Vijayakumaran et al., 2015a). Various 

cancer studies have investigated SUMOylated CD44 in tumour cells and showed that 

inhibiting the SUMO pathway reduced the CD44 expressions repressing invasiveness and 

tumour growth (Bogachek et al., 2016; Casta–o-Miquel et al., 2017; De Andrade et al., 

2015). Also, Yun and colleagues demonstrated for the first time that SUMO-1 regulates 

#-secretase (BACE1), a protein that recruits #-amyloid (A#) production in AD diseased 

brain. Due to the depletion of SUMO-1, BACE1 proteins were reduced thereby 

decreasing A# levels (Yun et al., 2013). Khodzhigorova and colleagues have reported that 

the siRNA-mediated knockdown of Ubc9 reduces the accumulation of phosphorylated 

Smad3 in experimental fibrosis through the reduction of TGF-# signalling suggesting that 

inhibition of SUMOylation may be a novel therapeutic target (Khodzhigorova et al., 

2012). Ubc9 knockdown in neonatal ventricular myocytes led to increase in the autophagy 

adapter, p62, but reduced L3-II and beclin (Gupta et al., 2015), whereas, Vps34 

SUMOylation promotes autophagosome formation (Yang et al, 2013). Various reports 

have modulated the SUMO pathway using chemical inhibitors.  It was first reported that 

a botanical drug, ginkgolic acid (GA), downregulates protein SUMOylation by blocking 

the formation of the E1-SUMO intermediate (Fukuda et al., 2009).  GA was used in in 

vitro and in vivo experiments where the treatment of GA impaired the proliferation and 

restrained tumour growth in pancreatic cancer, showing also that GA had little toxicity 

on normal cells (Ma et al., 2010). Various studies have indicated that GA treatments have 

anti-migratory and anti-metastatic activity in breast and colon cancer cells (Hamdoun and 

Efferth, 2017; Qiao et al., 2017). GA treatment of HEK293 cells led to reduced 

SUMOylation and decreased phosphorylation, whereas, tau SUMOylation inhibited its 

degradation (Luo et al, 2014). Kerriamycin B has also been reported as another inhibitor 
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of the E1 enzyme of the SUMO pathway possessing both antimicrobial and antitumor 

activity (Kumar et al., 2013). Recently, Spectomycin B1 was found to inhibit the E2 

enzyme, Ubc9, of the SUMO-1 pathway (Hirohama et al., 2013). As macroautophagy is 

capable of degrading large structures such as protein aggregates and is reciprocally 

regulated with CMA, which cannot degrade aggregates, inhibiting SUMOylation of 

lysosomal Hsp90 and CMA may promote aggregate clearance (Fig 1). Indeed, several 

inhibitors of Hsp90 have been investigated as therapeutic targets in neurodegeneration. 

Recently, inhibition of the Hsp90 co-chaperone Aha1 that is activated by SUMOylation 

was found to block tau aggregation (Shelton et al, 2017). Therefore, targeting the SUMO 

pathway by utilizing inhibitors such as GA which prevent the formation of the E1-SUMO 

intermediate, may represent a novel potential therapy for various neurodegenerative 

diseases.  

SUMOylation is involved in several pathways such as protein misfolding and refolding, 

the UPS and the ALP that modifies the toxic species of aggregated protein through 

various direct and/or indirect mechanisms. It is important to recognize its associations 

between various pathways where SUMOylation plays a role in response to accumulating 

toxic aggregates. However, the demand for a greater understanding of SUMOylation in 

ageing and neurodegeneration to therapeutically modulate SUMO is inevitable. The 

benefit of directing toxic aggregates towards selective macroautophagy instead has been 

suggested, as pathological aggregates have known to inhibit the UPS and CMA. 

Therefore, we propose that SUMOylation could be modulated to alter the function of 

various proteins resulting in a protective outcome.  
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Figure 8. Schematic diagram illustrating the potential mechanisms by which SUMOylation may confront protein 

misfolding in neurodegenerative diseases, such as ParkinsonÕs disease. A variety of SUMO-modified substrate 

proteins (Hsc70, Hsp90, Hsp70, HDAC6, VCP) are recruited in response to abnormal protein aggregation in 

neurodegenerative diseases. Inhibiting the SUMOylation pathway and chaperone-mediated autophagy, may positively 

upregulate macroautophagy, clearing protein aggregates to alleviate increasing cytotoxicity in neurodegeneration.  
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Chapter 4: General Methodologies  

4.1!Cell Culture Studies 

4.1.1! SHSY5Y Neuroblastoma Cell Line 

A neuron-like cell model, the human derived neuroblastoma cell line, SH-SY5Y, was 

used to study potential neuroprotective therapies of PD. The SH-SY5Y cell line was sub 

cloned from the original cell line known as SK-N-SH which was isolated from a patient 

suffering from human bone marrow neuroblastoma cancer. SH-SY5Y cells are used as in 

vitro models because they possess several qualities of the neurons found in the human 

brain. These cells have neural origin and express receptors and transporters for dopamine 

and acetylcholine. Therefore, the use of SH-SY5Y in this research is relevant, reliable 

and suitable for studying PD (Constantinescu et al., 2007). 

SHSY5Y neuroblastoma cells were used in a cell-based assay system to mimic PD. PD 

has been neuropathologically characterised by the incidence of frequent protein 

aggregates in several areas of diseased brain tissue which primarily consists of the protein, 

! -syn. It has been demonstrated that depolarising human cell lines, HEK293T and 

SHSY5Y, with 50mM KCl, resulted in the transient influx of calcium (Ca2+) through the 

plasma membrane. This accumulation of intracellular Ca2+ levels has been shown to 

trigger especially large, Lewy body-like cytoplasmic ! -syn inclusion bodies which were 

immunopositive for ! -syn (Follett et al., 2013; Nath et al., 2011; Rcom-H'cheo-Gauthier 

et al., 2014). These findings have provided an appropriate tool to model the pathogenesis 

of PD in cell culture. More recently, this cell model has been used to demonstrate that 

blocking calcium-dependent ! -syn aggregation with calcipotriol, prevents the 

accumulation of ! -syn and ameliorate PD pathogenesis (Rcom!H'cheo!Gauthier et al., 

2017). Upon KCl depolarisation, SHSY5Y cells were subjected to SUMOylation E1 
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enzyme inhibitors, ginkgolic acid and anacardic acid, which were used in parallel to 

inhibit the SUMO pathway. 

This protein misfolding cell model was used in Chapter 5 to specifically observe the 

frequency of ! -synuclein aggregate formation, co-localisation of SUMO-1 and lysosomes 

and frequency of LC3-positive autophagosomes in SH-SY5Y cell line upon treatment 

with the SUMOylation inhibitors. The experiments included immunofluorescence and 

SDS-PAGE procedures and were performed in triplicate to validate consistent results with 

statistical relevance. Parallel studies were used in rat cortical primary neuronal cultures. 

4.1.2! Patient-derived Human Olfactory Neurospheres (hONs) 

Nasal biopsies of the olfactory mucosa of healthy and PD patients were obtained from 

volunteers of the general population where all procedures were performed in accordance 

to the National Health and Medical Research Council Code of Practice for Human 

experimentation, approved by the Griffith University Human Experimentation Ethics 

Committee. The olfactory mucosal stem cells are multipotent and are can be differentiated 

to give rise to many other cell types of the human body such as neurons, astrocytes, 

oligodendrocytes, cardiac muscle, skeletal muscle, adipocytes and chondrocytes. It has 

been reported that hONs cells from PD patients that were subjected to genetic and protein 

profiling as well cell function assays, which links molecular pathways previously 

associated with this disorder particularly, mitochondrial function and oxidative stress. 

Therefore, the hONs cells are useful in the study of various mechanisms associated with 

human brain disorders and diseases. 

Age-matched hONs cell lines (8 Control and 8 PD) were obtained the Griffith Institute of 

Drug Discovery (GRIDD) in Queensland, Australia. They were each cultured separately 

and treated with the proteasome inhibitor, MG132, to determine the SUMO-1 response 

to cell stress in both healthy controls and PD patients. The co-localisation of SUMO-1 to 
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lysosomes was also determined. SENP3 and HSP90 expression was also evaluated. 

Experimental procedures included immunofluorescence and SDS-PAGE. Thioflavin-T 

staining was also performed for the detection of potential protein aggregates present in 

cells under proteolytic stress (Chapter 6). 

4.2!Cell Culture Preparation and Maintenance 

4.2.1! SHSY5Y Neuroblastoma Cell Line 

Neuroblastoma cells SH-SY5Y were cultured in 25cm2 flasks, with normal growth 

medium consisting of Dulbecco's Modified Eagle Medium (Invitrogen, 11995-073) 

supplemented with 10% FBS, 0.04% Amphotericin B and 1% Strep/ Penicillin. The cell 

culture was then incubated at 37¡C with 95% O2 and 5% CO2 (Chapter 6).  

Cells were passaged, and the growth medium was replenished every 3 days once cells 

have reached an 80% confluence level. SH-SY5Y cell lines have a characteristic property 

to form clumps at high cellular densities. Therefore, it was ensured that cells reaching 

100% confluency was avoided by re-passaging.  

Cells were seeded onto 15mm coverslips with 10,000 cells per well in a 24 well plate, so 

as to analyse results through simple IF and imaging of post-treated cells. Seed cell ratio 

was determined by a series of steps. Cells were trypsinized, transferred into a tube of 

media of 1:1 dilution and pipetted thoroughly for the physical dispersion of apparent 

clumps and cell/media solution (10uL) was then counted using a haemocytometer for the 

determination of cell count per 1mL. Uniformity was ensured during seeding, making 

sure there were 10,000 cells per well, by preventing the formation of cell clumping, which 

occurs at high cell densities. Cells in DMEM were left to incubate at 37¡C for 24 hours 

to allow them to adhere to the coverslips in each well. 
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SH-SY5Y cells were cultured in multiple 25cm2 flasks and were allowed to reach 75% 

confluency before any drug treatments. Cells lysates were then prepared at the end of 

drug treatments for further analysis through gel electrophoresis and Western blotting. 

4.2.2! Embryonic Rat Cortical Neurons 

Embryonic cortical neurons were isolated from E18 Wistar Rattus Norvergicus embryos. 

Cortical areas were dissected and trypsinised, before being plated on PLL-coated 25%mm 

glass coverslips. Cells were initially plated in plating medium (Neurobasal media + 10% 

horse serum, B27 supplement, 2%mM Glutamax, 1& penicillin/streptomycin). After 

24%hours, the plating medium was replaced with feeding medium (Neurobasal media, B27 

supplement, 1.2%mM Glutamax, 1& penicillin/ streptomycin). Cortical neurons were used 

at DIV7-14 for treatments. 

4.2.3! Patient-Derived Human Olfactory Neurospheres (hONs) 

Age-matched hONs cells from healthy control biopsies and PD patient biopsies were 

maintained and passaged as previously described (Matigian et al., 2010). These age-

matched hONs cells were obtained from Griffith Institute for Drug Discovery (GRIDD), 

Griffith University.  
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Table 1 List of Human Olfactory Neurospheres (hONs) obtained from GRIDD consisting of 8 PD cases and 8 normal 

age-matched controls. 

Cell Line Number Control (C)/  

ParkinsonÕs Disease (PD) 

Age Gender 

100080002 (1802) C 59 M 

100080003 (1803) C 66 F 

100080005 (1805) C 59 F 

100080013 (1813) C 64 M 

100080014 (1814) C 65 F 

100080015 (1815) C 64 F 

100080016 (1816) C 60 M 

100080017 (1817) C 49 M 

200080010 (2810) PD 60 F 

200080017 (2817) PD 61 M 

200080020 (2820) PD 63 F 

200080021 (2821) PD 61 M 

200080022 (2822) PD 54 M 

200080024 (2824) PD 66 M 

200080003 (2803) PD 54 F 

200090003 (2903) PD 65 F 

 

Original hONs cell lines were cultured in DulbeccoÕs Modified Eagle Medium/Nutrient 

Mixture F-12 (Gibco Life technologies, 11330032) supplemented with 1% penicillin-

streptomycin (Gibco, Life Technologies, 15140163) and 10% fetal bovine serum (Gibco, 

Life Technologies, 26140079) and incubated at 37¡C with 95% O2 and 5% CO2 (Chapter 

7).  

Original stocks were cultured in either 25cm2 or 75cm2 flasks and were allowed to reach 

75% confluency before they were trypsinized, centrifuged and mixed with freezing media 

for storage in cryogenic tubes in -80¡C before commencing any experimental work.  
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Analogous to the SHSY5Y cell work, hONs cells were seeded onto 15mm coverslips with 

10,000 cells per well in a 24 well plate, so as to analyse results through simple IF and 

imaging of post-treated cells. 

hONs cells were cultured in multiple 75cm2 flasks and allowed to reach 75% confluency 

before any drug treatments. Cells were lysed and prepared at the end of each experiment 

for further analysis via gel electrophoresis and Western blotting. 

4.3!SUMO-1 E1-Enzyme Inhibitors 

Two different SUMO inhibitors, GA and AA, were used for the experiment in Chapter 7. 

The experiment employed the use of increasing concentrations which were administered 

to each group of cells: KCl-depolarised and non-depolarised SH-SY5Y. The 

concentrations for GA prepared were 0µM, 3µM, 6µM and 10µM, 40µM and 80µM. The 

concentrations for AA prepared were 0µM, 3µM, 6µM and 10µM. There were pre- and 

post-treatments of the SUMO-1 inhibitors as well as post-only treatments reported in 

Chapter 5.  

4.3.1! Pre- and Post- SUMO-1 Inhibitor Treatments  

After 24 hours of allowing the seeded cells to adhere to the coverslips and/or 25cm2 flasks, 

wells were replenished with DMEM containing the different concentrations of GA and 

AA. The SUMO inhibitors were left to pre-treat the cells in each well and flask for an 

hour. Cells were subsequently depolarised with 50mM of KCl for another hour. Wells 

and flasks were then replenished with DMEM with their respective concentrations of 

SUMO inhibitors for 24 hours and 48 hours.  

Coverslips containing adhered SHSY5Y in 24-well plates were fixed and stained to be 

viewed under the Olympus FV1000 fluorescence confocal microscope for cell counting 

and analysis. Experiments were done in triplicates for each SUMO inhibitor treatments. 
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Cells grown and treated in 25cm2 flasks were prepared for gel electrophoresis and western 

blot analysis. 

4.3.2! Post-Only Ginkgolic acid Treatments 

After 24 hours of allowing seeded cells to adhere to the coverslips and/or 25cm2 flasks, 

cells were directly treated with media supplemented with 50mM KCl to depolarise cells 

for an hour. Wells and flasks were replenished with fresh media and left for 24 hours to 

allow for protein aggregation to follow. Cells were then post-treated with GA for a 

subsequent 24 hours. Cells were then studied via immunofluorescence and western blot 

analysis. 

4.4!Proteasome Inhibition 

Once hONs cells had adhered and developed neuron-like structures, reaching a 

confluency level of 75%, 75cm2 flasks and 24-well plates were replenished with media 

containing 5µM of MG132, the proteasome inhibitor, to cause cell stress. Cells were 

incubated with MG132 for 24 hours and prepared for immunofluorescence and Western 

blot analysis (Chapter 8). 

4.5!Immunofluorescence  

Antibody-mediated tagging was performed after SUMO inhibitor treatments to 

depolarised SH-SY5Y cells and proteasome inhibition of hONs cells cultured on 

coverslips in 24 well-plates. Cells were washed with sterile PBS twice to ensure the 

removal of residual medium and proteins off the coverslips in each well.  

SH-SY5Y cells were fixed by incubating cells in 3:1 cold methanol-acetone for 15 

minutes at room temperature. These cells were washed with PBS twice to remove the 

methanol-acetone solution. SH-SY5Y cells were incubated with blocking buffer of 20% 

normal horse serum (NHS) for 30 minutes at room temperature. The cells were then 

washed with PBS once again to remove the blocking buffer solution. Primary neurons 
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were fixed in 3.7% v/v paraformaldehyde, 5% w/v sucrose, PBS (1h), then quenched (10 

mins) in 0.1M glycine, then permeabilized in 0.1% w/v Triton X-100, 10% NHS. 

hONs cells were fixed in cold methanol:acetone (1:1) in -20¡C for 5 minutes. Coverslips 

were washed with ice-cold DPBS twice and blocked with 3% BSA and 22.52mg/ml 

glycine mixed in PBS-T for 1 hour. 

All cells were stained with the respective primary and secondary antibodies (Table 3). All  

coverslips were incubated with their respective primary antibodies diluted in dilution 

buffer (1% NHS; SHSY5Y, 1% BSA; hONs) overnight in the dark at 4¡C. The cells were 

then washed with PBS three times for 5 minutes each time. The coverslips were then 

incubated with secondary antibodies diluted in dilution buffer for 1 hour in the dark at 

room temperature. The cells were then washed once again 3 times for 5 minutes each 

time. 

Thioflavin-T staining was performed in parallel after fixing and blocking hONs cells. 

Coverslips were incubated in filtered 0.01% w/v aqueous Thioflavin-T (Sigma) mixed in 

DPBS for 8 minutes at room temperature in the dark. Coverslips were washed in 80% 

ethanol (3 times) and washed once with 95% ethanol and finally washed with DPBS (3 

times, 3 minutes each).  

PBS was left in each well to aid the removal of the glass coverslips using appropriate 

tweezers. A drop of ProLong$  Gold Antifade reagent mounting medium containing DAPI 

was added onto slides where each coverslip was carefully mounted. The slides were 

allowed to dry in the dark and their edges were sealed with nail varnish. All slides were 

stored in the dark at 4¡C after their respective incubation steps. 

All slides were imaged using the Olympus FluoView 1000 laser scanning confocal 

microscope. 
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Table 2 List of all primary and secondary antibodies used for immunofluorescence and western blotting analysis. 

Antibody Use Antigen Host Reactivity Source Application References 

Alpha-
synuclein 

LB509 

Primary ! -
synuclein 

Mouse Mouse Invitrogen IF (1:100) (Follett et al., 
2013), (Rcom!
H'cheo!Gauthier 
et al., 2017), 
(Weetman et al., 
2013). 

SUMO-1 Primary SUMO-1 Sheep Sheep Abcam IF (1:50) (Pountney et al., 
2003), 
(Pountney et al., 
2008a), (Wong 
et al., 2013), 
(Weetman et al., 
2013). 

SUMO-1 
Ab3819 

Primary SUMO-1 Rabbit Rabbit Abcam WB 
(1:1000) 

(Xia et al., 
2016), (Yu et al., 
2017). 

SUMO-1 
Sc-5308 

Primary SUMO-1 Mouse Mouse Santa Cruz 
Biotechnology 

IF (1:50) (BrŸgger et al., 
2017), (Xiao et 
al., 2015b). 

Cathepsin-
D  

Ab826 

Primary Cathepsin-
D 

Rabbit Rabbit Abcam IF 
(10µg/ml) 

(Minchew and 
Didenko, 2017), 
(Chu et al., 
2009). 

LC3a/b 

Ab 
128025 

Primary LC3a/b Rabbit Rabbit Abcam IF (1:100) 

WB 
(1:1000) 

(Liu et al., 
2017), (Wang et 
al., 2018). 

Hsp90 

#4874 

Primary Hsp90 Rabbit Rabbit Cell 
Signalling  

WB 
(1:1000) 

(Hong et al., 
2017), (Chai et 
al., 2018). 

SENP3 

D20A10 

Primary SENP3 Rabbit Rabbit Cell 
Signalling  

WB 
(1:1000) 

(Lao et al., 
2018), (Wang et 
al., 2017). 

" -actin 

Ab8226 

Primary " -actin Mouse Mouse Abcam WB 
(1:1000) 

(Dai et al., 
2018), (Dewan 
et al., 2018). 

AF 488 Secondary Mouse Fc Goat Mouse Molecular 
Probes 

IF (1:200) (Rcom!H'cheo!
Gauthier et al., 
2017), (Follett et 
al., 2013), 
(Valdinocci et 
al., 2018). 

AF568 Secondary Sheep Fc Donkey Sheep Molecular 
Probes 

IF (1:200) (Weetman et al., 
2013), (Wong et 
al., 2013). 
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4.6!Laser Scanning Confocal Microscopy & Image Analysis 

Triple-labelled slides of SH-SY5Y coverslips were imaged with the aid of our Olympus 

Fluoview 1000 laser scanning confocal microscopy and the Nikon AIR+ fluorescence 

confocal microscope provided by Griffith University. A rule is designed to pick non-

biased regions of interests (ROI) (Figure 9).  

Microscope settings for laser voltage, electronic gain and offset levels for controlling 

background noise were set using negative control slides. Images were captured using the 

60X oil immersion lens. Imaging of DAPI, AF488, and AF568 were performed in a single 

scan from the first channel whereas AF647 anti-rabbit was imaged in a single scan from 

the second channel. The imaging of AF647 anti-mouse is captured in parallel experiments 

to imaging AF647 anti-rabbit. Images were exported and analysed using the Olympus 

FV-ASW 2.0 Viewer software, NIS-Elements Viewer 4.20 and the Columbus software. 

 

!"#$$%&"'()

*+,)-$"'.
/01

/01

/01

/01

/01

AF647 Secondary Rabbit Fc Donkey Rabbit Molecular 
Probes 

IF (1:200) (Gross et al., 
2016). 

HRP 
(H+L) 

Secondary Rabbit Fc Goat Rabbit  BioRad WB 
(1:3000) 

(Weetman et al., 
2013), (Rcom!
H'cheo!Gauthier 
et al., 2017). 

HRP 
(H+L) 

Secondary Mouse Fc Goat Mouse BioRad WB 
(1:3000) 

 (Weetman et al., 
2013), (Rcom!
H'cheo!Gauthier 
et al., 2017). 
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Figure 9 Designed rule for picking regions of interest (ROI) during imaging to prevent biasness. This rule would 

be implemented for all slides. 

4.7!Cell Counting for Statistical Analysis 

Co-localisation quantification was performed by counting lysosomes classifying them as 

either SUMO-1 positive (red+green=yellow), or SUMO-1 negative (red) (Chapter 5). A 

criterion was set and followed for the classification of each lysosome so as to whether 

they were SUMO-1 positive or negative (red). SUMO-1 positive lysosomes were 

calculated for IB-positive and negative as a percentage. The method of quantification for 

the classification of ! -synuclein aggregates was, by counting distinct bright ! -synuclein 

dots as positive aggregates. This criterion is also applied to the counting of LC3-positive 

autophagosomes.   

Manual counting was performed on coverslips under GA and AA treatments for SHSY5Y 

cells and under proteasomal inhibition in hONs cells with the aid of Olympus FV-ASW 

2.0 Viewer software and Image J respectively.  

4.8!Cell Lysate Preparation 

Following drug treatments, whole cell protein extracts were prepared using cell lysis 

buffer (RIPA Buffer, Sigma, R0278) supplemented with protease inhibitor cocktail (1% 

v/v PIC, Sigma, P8340) and N-ethylmaleimide (50mM NEM, Sigma, E3876). All steps 

were performed in ice. Cells in each 6-well plates, 25ml flasks and/or 75ml flasks were 

washed briefly in DPBS. Cells were scraped and collected in centrifuge tubes, and 

centrifuged at 2,000rpm for 5 min. The supernatant was discarded, and the pellet was 

lysed in cold RIPA buffer supplemented with PIC and NEM to obtain cytosolic 

proteins. hONs cell samples were additionally sonicated 3 x 10 seconds on ice with a 

Branson sonicator (output 2, constant). Cell lysates were placed in -80¡C for 30 minutes 

and thawed in ice (4¡C) for complete cell lysis. Cell lysates were centrifuged at 

15,000rpm at 4¡C for 15 minutes, and the supernatant was aspirated and placed in fresh 
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tubes. Protein quantification was performed subsequently using the Thermo Scientific 

BCA Assay kit as per manufacturerÕs instructions. Equal amounts of sample proteins 

were diluted in 2x Laemlli buffer containing 5% #-mercaptoethanol. Samples were 

boiled at 100oC for 8 minutes prior to loading into gel. 

4.9!Gel Electrophoresis and Western Analysis 

Samples were subjected to SDS-PAGE using 10% and/or 12% gel density (40% 

Acrylamide/Bis 29:1, Bio-Rad, CA, USA). Following gel electrophoresis proteins were 

transferred onto PVDF membrane (Merck Immobiolon-P, 0.45µm pore size). Membranes 

were then blocked using 5% bovine serum albumin (BSA) diluted in Tris-buffered saline 

containing 0.1% Tween-20 (TBS-T) for 1 hour. Membranes were probed with the specific 

monoclonal and/or polyclonal primary antibodies, rabbit anti-SUMO-1 (Abcam, ab3819, 

1:1000), rabbit anti-Hsp90 (Cell Signalling, 4877S, 1:1000) and rabbit anti-SENP3 (Cell 

Signalling, D20A10, #5591, 1:1000) and the loading control mouse anti-" -actin (Abcam, 

ab8226, 1:1000) suspended in 3% BSA with TBS-T overnight at 40C with gentle rocking. 

Membranes were washed three times for 5 minutes each and re-probed for the appropriate 

HRP-conjugated secondary antibodies (Bio-Rad Goat HRP Conjugates; anti-rabbit#170-

6515, anti-mouse #170-6516) suspended in 3% BSA in TBS-T at 1:3000 under room 

temperature for an hour. Membranes were washed three times for 5 minutes each and the 

proteins of interest were detected using the SuperSignal West Femto chemiluminescent 

substrate (Pierce) and visualised using the ChemiDocTMXRS+ System (Bio-Rad). Protein 

band intensities was analysed using its Bio-Rad Image Lab Software. 

4.10! Statistical Analysis 

Independent studentsÕ T-test was used for scoring statistical significance of 

immunofluorescence manual counting. RM 2-way ANOVA TukeyÕs multiple 

comparisons test was used for scoring statistical significance of western blot analysis. All 

tests were performed using Graph Pad Prism. 
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Chapter 5: Ginkgolic Acid Enhances Macroautophagy and Promotes Clearance of 

Intracellular  Alpha-Synuclein Aggregates  

 

This chapter has been submitted to Neurobiology of Disease as an original investigation 

for peer review. The formatting and referencing have been modified to maintain 

consistency throughout this thesis. 

Shamini Vijayakumaran, Yasuko Nakamura, Jeremy M. Henley and Dean L. Pountney 
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5.1!Abstract 

An array of cellular responses, including autophagy, attempt to defend cells from protein 

aggregates in neurodegenerative diseases, including ParkinsonÕs disease (PD), by 

removing or detoxifying the aggregated proteins. In this study, the influence on the 

clearance of alpha-synuclein (! -syn) aggregates via inhibiting post-translational 

modification by the small ubiquitin-like modifier (SUMO) was determined in cellular PD 

models. Depolarization of SH-SY5Y neuroblastoma cells and rat primary cortical 

neurons with KCl was used to induce ! -syn aggregate formation. SUMOylation was 

inhibited using ginkgolic acid (GA) and anacardic acid (AA), commencing inhibitor 

treatment either before or after KCl depolarization. Immunofluorescence revealed a 

significant decrease in punctate co-localisation of SUMO-1 with lysosomes, with 

increasing concentrations of AA (p<0.001) and GA (p<0.01) and decreased proportions 

of ! -syn aggregate-positive cells (p<0.05) at 6 $M treatments of both SUMOylation 

inhibitors. Furthermore, upregulation of LC3 puncta, marking autophagosomes, was 

found at 10µM of both SUMOylation inhibitors (p<0.05). Western analysis showed 

decreased SUMOylation at increasing concentrations of GA and upregulation of LC3b, 

marking macroautophagic activity. Similar results were obtained with depolarised cells 

that were co-treated with GA or post-treated 24 hr after depolarization, conditions under 

which there are pre-formed ! -syn aggregates. Immunofluorescence and cell counting 

results showed a significant (p<0.05) decrease in Lewy body-like intracellular alpha-

synuclein aggregates in depolarised SH-SY5Y post-treated with GA, indicating the 

clearance of the pre-formed aggregates. The current findings show that GA can enhance 

macroautophagy and promote clearance of ! -syn aggregates.  

 

Keywords: ParkinsonÕs disease, SUMO, autophagy, alpha-synuclein 
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5.2!Introduction  

ParkinsonÕs disease (PD) is a multi-system proteinopathy reflecting the progressive loss 

of dopaminergic nigrostriatal neurons causing a variety of motor deficits, including 

resting tremor, muscular rigidity, bradykinesia and postural instability, and non-motor 

alterations, such as hypsomia, autonomic and other dysfunctions (Breydo et al., 2012; 

Eckermann, 2013; Jellinger, 2014). The neuropathological hallmark of PD is the 

widespread occurrence of intracellular inclusion bodies (Lewy bodies) and neuritic 

deposits (Lewy neurites) of phosphorylated ! -synuclein (! -syn). Although the formation 

of Lewy bodies is considered a protective cell response, Lewy body maturation eventually 

becomes toxic triggering neuronal death. The pathological accumulation of intracellular 

! -syn aggregates is also linked to a variety of other ! -synucleopathies, including multiple 

system atrophy (MSA) and dementia with Lewy bodies (DLB) (Breydo et al., 2012; 

Vijayakumaran et al., 2015b). Oxidative / nitrosative stress, post-translational 

modifications, proteolytic stress and calcium dyshomeostasis are some major factors 

leading to the formation of cytotoxic ! -syn species and neuronal degeneration (Nath et 

al., 2011; Schmid et al., 2013; Wang et al., 2013). Reversal and prevention of ! -syn 

aggregation may provide cytoprotection in ! -synucleopathies (Jackrel and Shorter, 2014; 

Jackson-Lewis et al., 2012; Kalani, 2014; Valera and Masliah, 2013).  

Both cell culture and neuropathological ! -syn inclusion bodies accumulate the small 

ubiquitin-like modifier-1 (SUMO-1) (Sarge and Park-Sarge, 2011; Weetman et al., 2013). 

SUMO conjugates to lysine residues in a wide range of substrate proteins in an enzymatic 

pathway, modulating functional characteristics of the modified protein, similar to 

ubiquitination. SUMOylation is involved in a variety of different cellular pathways by 

regulating protein-protein or protein-DNA interactions (Krumova et al., 2011; 

Vijayakumaran et al., 2015a; Wong et al., 2013). As with ubiquitination, SUMOylation 

involves E1 (SUMO-activating), E2 (SUMO-specific conjugating, Ubc9) and E3 (SUMO 



 

 

72 

ligase, eg., PIAS3) enzymes (Da Silva-Ferrada et al., 2012; Wilkinson et al., 2010). 

SUMO-1 has been found to associate with cytoplasmic ! -syn inclusion bodies in PD, 

MSA and DLB and also with intranuclear inclusion bodies such as polyglutamine 

aggregates in HuntingtonÕs disease (HD) (Pountney et al., 2005; Pountney et al., 2003; 

Rott et al., 2017). Recent studies suggest that there may be direct and indirect links 

between SUMOylation, neurodegenerative disease pathology and cell responses to 

misfolding and aggregation (Rott et al., 2017; Vijayakumaran and Pountney, 2018; 

Vijayakumaran et al., 2015a). Wild-type ! -syn and disease-linked mutants have been 

shown to be SUMO substrates indicating direct modulation of protein solubility, whereas 

links between SUMOylation and autophagy suggest indirect involvement via the cellular 

response to protein aggregate accumulation (Da Silva-Ferrada et al., 2012; Janer et al., 

2010; Kim et al., 2014; Krumova et al., 2011).  Moreover, over-expression of PIAS2, the 

! -syn SUMO ligase resulted in increased accumulation of intracellular aggregates of PD-

linked ! -syn mutants (Rott et al., 2017). Whereas, reports have suggested that 

SUMOylation of substrate proteins may have an endogenous neuroprotective response. It 

has been shown that the overexpression of SUMO increases cell survival under oxygen 

and glucose deprivation whereby the knockdown of SUMO proved to be deleterious. This 

strongly indicates the importance of SUMO and its role in neuroprotection. Furthermore, 

it has been suggested that SUMO is able to protect against oxidative stress in ischemia-

reperfusion. Conversely, down regulating SUMOylation of proteins in diseases 

characterised by hyperSUMOylation is beneficial (Cimarosti et al., 2012; Datwyler et al., 

2011a; Silveirinha et al., 2013; Wilkinson et al., 2010). Moreover, SUMOylation was 

found to be upregulated in an mouse model of PD (Wong et al., 2013). Indeed, the 

SUMOylation E1 inhibitor, ginkgolic acid (GA) was found to reduce steady-state levels 

of ! -syn in transfected HEK293 cells and primary rat neurons  (Rott et al., 2017) 
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SUMO-1 was found to be associated with lysosomes clustered around or embedded in ! -

syn deposits in pathological specimens and cell culture models, where it is conjugated to 

Hsp90 (Wong et al., 2013). The chaperone system is the first line of defence against 

protein misfolding and aggregation and comprises molecular chaperones and co-

chaperones such as Hsc70, Hsp70, Hsp90, and Hsp40 (Chaari et al., 2013; Daturpalli et 

al., 2013; Jackrel and Shorter, 2014). Hsp90 is highly expressed in the cytosol, involved 

in folding, refolding and disaggregation of non-native proteins and in chaperone-mediated 

autophagy (CMA). CMA is a multi-step process that involves substrate recognition and 

lysosomal targeting, binding of substrate and its unfolding, substrate translocation and 

degradation within the lysosomal lumen assisted by a Hsc70-containing chaperone/co-

chaperone complex, degrading only soluble proteins in a highly selective manner (Chaari 

et al., 2013; Daturpalli et al., 2013; Jiang et al., 2013). Studies have reported that 

manipulations that enhance CMA may be useful in altering mutant ! -syn-induced 

neurodegeneration. However, both reduced and increased CMA activities have been 

associated with the high levels of pathogenic ! -syn oligomers in PD, which highlights 

the importance of tight regulation of CMA (Cuervo and Wong, 2014).  

The removal of aggregating protein including misfolded proteins and defective organelles 

occurs through two main proteolytic pathways; the ubiquitin-proteasome pathway (UPS) 

and the autophagy-lysosomal pathway (ALP). Defects in these pathways prevent the 

clearance of proteins from neuronal and glial cytoplasm, leading to a variety of 

neurodegenerative disorders. Larger protein aggregates as well as damaged organelles are 

unable to be degraded by the proteasome and are cleared through macroautophagy. 

Macroautophagy, a prominent constituent of ALP, is a process that involves the bulk 

lysosomal degradation of soluble and pathological aggregates and damaged organelles 

(Tanik et al., 2013; Winslow et al., 2010). The impairment of macroautophagy has been 

discovered in pathological brain section analyses from patients suffering from a variety 
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of neurodegenerative disorders such as PD, HD, AlzheimerÕs disease (AD), and 

frontotemporal dementia (FTD) (Inoue et al., 2012; Tanik et al., 2013). Defects in ALP 

have been demonstrated to cause neurodegeneration in animal models deficient in 

autophagy-related proteins within neuronal tissues as well as human neurodegenerative 

lysosomal storage diseases (Futerman and van Meer, 2004; Hara et al., 2006; Inoue et al., 

2012; Nixon et al., 2008; Tanik et al., 2013). Indeed, Hsp90 inhibitors have been shown 

to induce macroautophagy and reduce the toxicity of ! -syn aggregates (Xiong et al., 

2015). 

The SUMO pathway is involved in a number of key mechanisms relevant to the formation 

and clearance of potentially cytotoxic ! -syn species (Vijayakumaran et al., 2015a). 

Previous studies have investigated the outcomes of inhibiting the SUMO-pathway using 

GA, concluding that SUMOylation has a cytoprotective role in maintaining cellular health 

(Fukuda et al., 2009; Guo et al., 2015; Tossidou et al., 2014). In the current study, 

SUMOylation chemical inhibitors, GA and AA, were used to inhibit the SUMO pathway 

to determine the effects on macroautophagy and ! -syn aggregates. GA was found to 

enhance macroautophagy and promote clearance of ! -syn aggregates, suggesting that GA 

or analogues could be useful multifunctional therapeutics against ParkinsonÕs disease. 
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5.3!Materials and Methods 

5.3.1! Cell culture 

SH-SY5Y neuroblastoma cells (ATCC¨  CRL-2266ª)  were seeded at 10,000 cells per 

well in 24-well plates on 10 mm glass coverslips for immunofluorescence confocal 

imaging and analysis. Cells were incubated for a period of 24 h at 37 ¡C with 5 % CO2 in 

1 mL DMEM/10 % FBS with 0.04 % Amphotericin B and 1 % Strep/Penicillin prior to 

treatment to allow cells to adhere. In parallel, cells were seeded and incubated in 6-well 

plates at 300,000 cells per well for cell lysate preparation, SDS-PAGE and Western 

blotting. 

Embryonic cortical neurons were isolated from E18 Wistar Rattus Norvergicus embryos. 

Cortical areas were dissected and trypsinised, before being plated on PLL-coated 25%mm 

glass coverslips. Cells were initially plated in plating medium (Neurobasal media + 10% 

horse serum, B27 supplement, 2%mM Glutamax, 1& penicillin/streptomycin). After 

24%hours, the plating medium was replaced with feeding medium (Neurobasal media, B27 

supplement, 1.2%mM Glutamax, 1& penicillin/ streptomycin). Cortical neurons were used 

at DIV7-14 for treatments. 

5.3.2! SUMO Inhibitor treatments  

For immunofluorescence analysis, cells were pre-treated with medium containing 6µM 

and 10µM of GA or AA (Calbiochem, USA) for 1 h. Potassium chloride (50mM) was 

then added to these pre-treated wells and was incubated for 1 h to induce ! -syn aggregates 

as described previously (Follett et al., 2013; Rcom-H'cheo-Gauthier et al., 2014). Wells 

were then replenished with fresh medium containing GA or AA only for an additional 24 

h or 48 h. SH-SY5Y controls of both KCl-depolarised and non-depolarised cells were 

performed. For gel electrophoresis and Western blotting, the experiment was repeated in 
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6-well plates pre-treated with medium containing 10µM, 40µM and 80µM of GA for 1 h 

and subsequently depolarized with 50mM KCl for 1 h.  

For post-treatment with GA, cells were depolarized with KCl for 1 h without inhibitor 

pre-treatment.  After 24 h, the medium was removed and replenished with fresh medium 

containing 10µM, 40µM and 80µM of GA for an additional 24 h. Cell lysates from 6-

well plates were prepared for gel electrophoresis and Western blot analysis and 

immunofluorescence results were obtained from coverslips from 24-well plates. After 

incubation, post-treatment cell viability was determined by MTT assays. All  experiments 

were performed in triplicate.  

5.3.3! Immunofluorescence  

Coverslips were washed briefly in DPBS prior to fixation. Neuroblastoma cells were fixed 

and permeabilized with 3:1 methanol: acetone and blocked with 20% normal horse serum 

(NHS). Primary neurons were fixed in 3.7% v/v paraformaldehyde, 5 % w/v sucrose, PBS 

(1 h), then quenched (10 m) in 0.1 M glycine, then permeabilized in 0.1 % w/v Triton X-

100, 10 NHS. The following primary antibodies were used for immunostaining: 

monoclonal mouse anti-! -syn antibody (LB509, Invitrogen, 1:100), polyclonal sheep 

anti-SUMO-1 antibody (Abcam, ab22738, 1:100), polyclonal rabbit Cathepsin-D 

antibody (Abcam, ab826-250, 1:200) and polyclonal rabbit anti-LC3 antibody (Abcam, 

ab128025, 1:200). Alexafluor (AF)-conjugated secondary antibodies (Molecular Probes, 

Invitrogen) AF488 anti-mouse (A21202), AF568 anti-sheep (A21099) and AF647 anti-

rabbit (A31573) were used for immunofluorescence and mounted onto microscope slides 

using Prolong Gold with DAPI mounting medium (Invitrogen).  Slides were stored in the 

dark at 4¡C. 
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5.3.4! Laser Scanning Confocal Microscopy Image Analysis & Cell Counting 

Immuno-labelled slides were imaged using the Olympus Fluoview FV-1000 confocal 

laser scanning microscope. Negative control secondary antibody only slides were imaged 

to determine the appropriate microscope settings (laser high voltage, electronic gain and 

offset) for subsequent image analysis. A 60X oil immersion lens was used for imaging. 

Imaging of DAPI, Alexa-fluor 488, and Alexa-fluor 568 were performed in a single scan 

from the first channel whereas Alexa-fluor 647 anti-rabbit was imaged in a single scan 

from the second channel. The channels were then merged, and the images were exported 

to be edited using the Olympus FV-1000 viewer software. Representative images are 

shown. 

Cells immunostained for SUMO-1 (red) and cathepsin-D (green), lysosomal marker, were 

analysed for co-localisation. Quantification was performed by counting lysosomes and 

classifying them as either SUMO-1 positive (yellow), or SUMO-1 negative (red). SUMO-

1 positive lysosomes were calculated for ! -syn IB-positive or negative. IB-positive cells 

were classified as bearing distinct bright ! -syn puncta as positive aggregates (%1µm). 

LC3-positive autophagosomes were counted manually as distinct bright puncta. Each 

coverslip had a standard pattern of 5 regions of interest (ROI) and experiments were 

performed in triplicate (n=15). For post-treated cells, immunostained cells were manually 

counted as IB-positive, bearing large ! -syn-positive aggregates (%2µm) within each ROI 

(n=10). Images were de-identified to avoid bias. Results were analysed as the proportion 

of total cells.  

5.3.5! Cell Lysate Preparation 

Following drug treatments, whole cell protein extracts were prepared using cell lysis 

buffer (RIPA Buffer, Sigma, R0278) supplemented with protease inhibitor cocktail (1% 

v/v PIC, Sigma, P8340) and N-ethylmaleimide (50mM NEM, Sigma, E3876). Cells in 
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each 6-well plate were washed briefly in DPBS, scraped and collected in centrifuge tubes, 

and centrifuged at 2,000 rpm for 5 min. The supernatant was discarded, and the pellet was 

lysed in RIPA buffer supplemented with PIC and NEM to obtain cytosolic proteins. 

Protein quantification was performed using the Thermo Scientific BCA Assay kit as per 

manufacturerÕs instructions. Equal amounts of sample proteins were diluted in 2x Laemlli 

buffer containing 5% #-mercaptoethanol (1:1, Sigma, S3401). Samples were boiled at 

100oC for 8 minutes prior to loading into gel. 

5.3.6! Gel Preparation and Electrophoresis 

Samples were subjected to SDS-PAGE using either 10% (SUMO-1) or 12% (LC3) gel 

densities (40% Acrylamide/Bis 29:1, Bio-Rad, CA, USA). Subsequently, proteins were 

transferred onto PVDF membranes (Merck Immobilon-P, 0.45um pore size). Membranes 

were blocked using solutions of either 5% or 3% skim milk and\or bovine serum albumin 

(BSA) diluted in Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBS-T) for 1 h. 

Membranes were briefly washed with TBS-T, then probed with the specific primary 

antibodies at the recommended dilutions by the manufacturer in TBST-T overnight at 40C 

with gentle rocking. Primary antibodies were: rabbit anti-SUMO-1 (Abcam, ab3819, 

1:1000), rabbit anti-Hsp90 (Cell Signalling, 4877S, 1:1000), rabbit anti-LC3a/b (Abcam, 

ab128025, 1:1000) and mouse anti-" -actin (Abcam, ab8226, 1:1000). Membranes were 

washed three times for 5 min each and re-probed for the appropriate HRP-conjugated 

secondary antibody (Bio-Rad Goat HRP Conjugates; anti-rabbit # 170-6515, anti-mouse 

#170-6516) suspended in either 5% skim milk or BSA at 1:3000 under room temperature 

for 1 h. Membranes were washed (3x 5 minutes) where the proteins of interest were 

detected using the SuperSignal West Femto chemiluminescent substrate (Pierce) and 

visualized using the ChemiDocTMXRS+ System (Bio-Rad). The intensity of each protein 

bands was analysed using the Bio-Rad Image Lab Software. 
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5.3.7! Statistical Analysis 

All data were analyzed using Graphpad Prism. Standard error of the mean for graphs was 

calculated using"#
$

%&
' . ANOVA tests were conducted to test for statistical significance. 
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5.4!Results 

5.4.1! SUMO inhibitor treatment decreases SUMO-1 and total SUMOylation in 

SH-SY5Y cells. 

Previous studies have revealed increased levels of SUMO-1-positive lysosomes in ! -syn 

aggregate-bearing cells in MSA brain tissue sections and cell culture models and SUMO-

1 associated with Cat-D-positive domains in intracytoplasmic ! -syn inclusion bodies 

(Wong et al., 2013). More recently, over-expression of the SUMO ligase, PIAS2, was 

found to boost cytoplasmic ! -syn aggregates, whilst treatment with the SUMOylation 

inhibitor, GA, reduced steady-state ! -syn levels (Rott et al., 2017). To investigate the 

influence of SUMOylation on ! -syn aggregates, we inhibited SUMOylation using GA 

and AA in a well-established PD cell model. Potassium depolarization (1 h) of SH-SY5Y 

neuroblastoma cells was used to induce a transient increase in intracellular free calcium, 

resulting in frequent, small cytoplasmic ! -syn puncta after 24 h and large, Lewy body-

like perinuclear ! -syn inclusions after 48 h, as described previously (Follett et al., 2013; 

Rcom-H'cheo-Gauthier et al., 2014). Under these conditions, it has been shown 

previously that these cytoplasmic inclusion bodies formed are positive for ! -syn, 

thioflavin T, LAMP1 and p62 (Follett et al., 2016; Rcom-H'cheo-Gauthier et al., 2014). 

SH-SY5Y cells were pre-treated with 10µM of AA, GA or sham for 1 h. The cells were 

subsequently depolarized with 50mM of KCl for 1 h to raise intracellular free Ca2+ and 

induce ! -syn aggregation, then incubated for a further 24 h with or without SUMO-1 

inhibitors. Immunofluorescence staining showed an increase in SUMOylated lysosomes 

(yellow puncta) in response to KCl depolarization (Figure 10A, 10B), indicating 

colocalization of Cat-D and SUMO-1. This is consistent with previous studies showing 

SUMO-1-positive lysosomes cluster around protein inclusion bodies (Wong et al., 2013). 

Cells treated with 10µM of either AA or GA, respectively, showed decreased numbers of 
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lysosomes positive for SUMO-1 (Figure 10A, 10B). Cell counting analysis revealed a 

significant decrease in the co-localisation of SUMO-1 to lysosomes at 10µM AA 

(p<0.001) or GA (p<0.01) treatments, respectively, compared to untreated depolarized 

SH-SY5Y (below each figures 10A, 10B).  
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Figure 10 Reduced levels of SUMO-1 conjugates and SUMO-1-positive lysosomes in inhibitor-treated SH-SY5Y 

cells. (A), (B) SUMO-1-positive lysosomes in depolarized SH-SY5Y cells treated with 10µM AA or GA (24 h). Arrows 

indicate yellow puncta from co-localised SUMO-1 (red) to lysosomes (Cathepsin D; green) as well as DAPI (blue). 

There was a significant decrease in yellow puncta at 10µM AA or GA. (Scale bar, 20µm). Cell counting analysis of 
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SUMO-1 positive lysosomes at 10µM AA or GA treatments in non-depolarised and depolarized SH-SY5Y, showing a 

significant decrease in the percentage of SUMO-1 positive lysosomes is observed in depolarised SH-SY5Y treated with 

10µM AA or GA (below A and B). (C), (D) Western blot analysis comparing the integration of SUMO-1 bands in both 

non-depolarised and depolarized SH-SY5Y at 10µM and 100µM GA treatments (48 h), indicating an absolute decrease 

in the percentage of SUMO-1 integrated bands at 100µM. (E) Western blot showing SUMO-1 bands of depolarized 

and non-depolarised SH-SY5Y under increasing concentrations of GA at 10µM, 40µM, 80µM. (F) Western blot 

analysis showed a significant decrease in the SUMO-Hsp90 band at 40µM and 80µM of GA treatments in depolarized 

SH-SY5Y cell lysates. (G) Hsp90 immunostained blot and integrated bands revealed a significant drop at 80µM GA 

un depolarised SH-SY5Y. (H) Integrated SUMO-1 bands at 80kDa, 75kDa, 30kDa 20kDa and 15kDa (SUMO-1 

monomer). Error bars indicate the SEM. * = p, 0.05; ** = p, 0.01; *** = p, 0.001; **** = p, 0.0001. 

Western analysis was used to determine the total level of protein SUMOylation in parallel 

experiments. To determine the influence of SUMO-1 inhibitors under prolonged 

inhibition, experiments were conducted for a period of 48 h post depolarization, 

conditions under which larger ! -syn aggregates are observed [(Follett et al., 2013);Figure 

16A]. There was a substantial reduction of SUMO-1 bands at 100µM inhibitor in both 

control and KCl-treated cells (Figure 10C). This is consistent with previous studies of GA 

cell culture treatments (Rott et al., 2017). Total band integrals showed a decrease in 

SUMO-1 conjugates in cells treated with 100µM GA in depolarised (p<0.01) and non-

depolarised (p<0.05) SH-SY5Y (Figure 10D). Experiments were repeated where SH-

SY5Y cells were subjected to increasing concentrations of GA at 10µM, 40µM and 80µM 

treatments to determine if there is a dose response relationship between increasing 

concentrations of SUMO inhibitors and total SUMO-1 conjugates. Western analysis of 

the SUMO-1 90kDa band showed a significant decrease in cell lysates at 40µM (p<0.05) 

and 80µM (p<0.01) GA (Figure 10F). Western analysis of Hsp90 revealed a significant 

increase in depolarised cell lysates compared to non-depolarised cells with no SUMO 

inhibitor treatments(p<0.01). A decrease of Hsp90 was revealed at 80µM of GA in 

depolarised cells compared to cells subjected to no inhibitors (p<0.05) (Figure 10G). 

Previous immunocapture and reverse immunocapture studies on isolated lysosomes and 
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purified human pathological ! -syn inclusions bodies have revealed SUMO-1 conjugated 

to Hsp90, corresponding to the upper band of the doublet (Wong et al., 2013). This band 

is increased following ! -syn inclusion formation and decreased after GA treatments. The 

integrated SUMO-1 bands at 80kDa, 75kDa, 30kDa, 20kDa and 15kDa in Figure 10H 

revealed similar trends as the SUMO-90kDa band ratio in Figure 10F. 

 

5.4.2! SUMO inhibitor treatments decrease ! -syn aggregate frequency  

Previous studies have shown that 24 h incubations following 1 h 50mM KCl 

depolarisation of SH-SY5Y cells caused frequent small ! -syn-positive aggregates 

(<2µm) enabling the use of this as a model for PD (Follett et al., 2013; Rcom-H'cheo-

Gauthier et al., 2014). This was further confirmed by immunofluorescence staining of 

SH-SY5Y cells for ! -syn-positive aggregates. Frequent small ! -syn puncta were 

observed in cells treated with 50mM KCl for 1 h after incubation for a further 24 h (Figure 

10A). Cell counting showed a significant increase in the proportion of aggregate-bearing 

cells (p<0.05) compared to controls (Figure 11C, 11E). To determine the influence of 

SUMO-1 inhibitor treatments on the proportion of ! -syn aggregate-positive cells, SH-

SY5Y cells were pre-treated with 6µM AA or GA before and after depolarising cells with 

50mM of KCl. Subsequently, these cells were incubated with AA or GA for 24 h. 

Immunofluorescence staining showed a decrease in the frequency of small ! -syn puncta 

in cells co-treated with 6µM AA or GA compared to control depolarised SH-SY5Y 

(Figure 11B, 11D). Cell counting analysis revealed a significant reduction in the 

proportion of aggregate-bearing SH-SY5Y cells (p<0.01) when treated with 6µM AA or 

GA compared to depolarised cells with no SUMO inhibitor (Figure 11C, 11E).  
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Figure 11 Immunofluorescence of SUMOylation inhibitor treated depolarized SH-SY5Y shows reduced ! -syn 

aggregates. (A) Comparison of control SH-SY5Y to 50mM KCl depolarized SH-SY5Y (24 h). Immunofluorescence 

showed increased ! -syn puncta in 50mM KCl depolarised SH-SY5Y (green). (Scale bar, 20µm). (B) 

Immunofluorescence staining comparing depolarized SH-SY5Y to 6µM AA treated, depolarized SH-SY5Y. (C) Cell 

counting analysis of AA treatments of depolarized and non-depolarised SH-SY5Y indicating a significant decrease in 

! -syn positive aggregates in SH-SY5Y at 6µM AA. (D) Immunofluorescence staining of depolarized control SH-SY5Y 

compared to 6µM GA treated, depolarized SH-SY5Y. (Scale bar, 10µm). (E) Cell counting analysis of GA treatments 

of depolarized and non-depolarised SH-SY5Y show a significant decrease in ! -syn positive aggregates in SH-SY5Y 

at 6µM GA. Error bars indicate SEM. * = p, 0.05; ** = p, 0.01; *** = p, 0.001; **** = p, 0.0001. 
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We also investigated the effect of GA on primary rat neurons subjected to the same KCl-

depolarization treatment. Figure 12A-C shows example images of treatments of 7 DIV 

primary neurons with 0, 25 or 50 mM KCl for 1 h, followed by incubation for 48 h.  

Treatment with 25 mM KCl (Figure 12B) resulted in the redistribution of ! -syn from 

cellular processes, becoming more focused in the cell body, accompanied by focal 

perinuclear accumulations of ! -syn (arrows) and enlarged accumulations of ! -syn along 

some processes (arrowheads). Treatment with 50 mM KCl resulted in an increased 

frequency of focal ! -syn aggregates and further reduction in ! -syn in the processes 

(Figure 12C). Whilst 7 DIV cultures showed little effect on cell morphology from KCl 

treatment, neuronal cultures treated with KCl at 14 DIV showed frequent cell swelling 

and retraction of processes (data not shown). In parallel experiments (Figure 12D-F), co-

treatment with 10 µM GA at 7 DIV resulted in preservation of ! -syn staining of processes 

and reduced focal or puncate accumulations.  

Previous studies have shown that increasing SUMOylation by over-expressing PIAS2 

leads to increased ! -syn inclusions for disease-linked ! -syn mutants and that GA 

treatment can decrease the steady-state level of ! -syn (Rott et al., 2017). However, this 

is the first demonstration that GA (and AA) can reduce the frequency of wild-type ! -syn 

inclusions. 
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Figure 12 Rat cortical primary neurons show reduced ! -syn aggregates upon GA co-treatment. (A-C) 7 DIV 

primary neurons treated with 0, 25 mM or 50 mM KCl for 1 h, then incubated for 48 h. (D-F) Co-treatments with 10µM 

GA. Red, MAP2. Green, ! -syn. Blue, DAPI. 
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5.4.3! SUMO inhibitor treatments upregulate macroautophagy  

In order to investigate the influence of GA and AA on macroautophagy, we investigated 

the cellular levels of autophagosomes utilizing the autophagosomal marker, LC3. As 

illustrated in Figure 13A and 13C, the frequency of LC3-positive puncta was found to be 

upregulated with 10µM AA or GA treatments in depolarized SH-SY5Y. Cell counting 

analysis of LC3-positive puncta revealed a significant increase in cellular levels of LC3-

positive autophagosomes in depolarized and non-depolarized cells (p<0.05) treated with 

10µM AA or GA (Figure 13B, 13D).  

To determine the influence of SUMO-1 inhibitors under prolonged inhibition, parallel 

experiments were conducted at 10µM, 40µM and 80µM concentrations of GA for a 

period of 48 h post depolarization (Figure 13E), conditions under which larger ! -syn 

aggregates are observed [(Follett et al., 2013; Rcom-H'cheo-Gauthier et al., 2014); Figure 

16A). Western analysis showed increased intensity of the LC3b band at 10kDa, indicating 

increased macroautophagy, in depolarized SH-SY5Y cells compared to non-depolarized 

cells and with increasing concentrations of GA (Figure 13E). Western blot integration 

revealed a significant increase in the LC3b band in depolarized SH-SY5Y at 40µM 

(p<0.05) and 80µM (p<0.01) GA treatments and a significant upregulation of the LC3b 

band at 80µM (p<0.01) GA treatments in non-depolarized SH-SY5Y cells (Figure 13F). 

We therefore confirmed by both imaging and Western analysis that macroautophagy is 

increased in GA and AA treated cells, especially after KCl depolarization. 

In parallel experiments, 7 DIV primary rat cortical neurons subjected to treatment with 

10µM GA, with and without KCl depolarization (50 mM), showed increased numbers of 

LC3-positive autophagosomes (arrowheads) in both the processes and cell bodies (Figure 

13G). 
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Figure 13 Frequency of LC3-positive autophagosomes increases with SUMOylation inhibitors in depolarized 

and non-depolarised SH-SY5Y. (A), (C) Immunofluorescence (24 h) showing LC3-positive puncta (red) at 10µM 

treatments of SUMOylation inhibitors in depolarized SH-SY5Y show significant increases in LC3 puncta upon 

SUMOylation inhibitor treatments at 10µM. (Scale bar, 20µm). (B), (D) Cell counting analysis of LC3-positive 

autophagosome levels at 10µM treatments of SUMOylation inhibitors in depolarized and non-depolarized SH-SY5Y 

indicate a significant upregulation of the frequency of LC3-positve autophagosomes. (E) Representative Western blot 

(48 h) illustrating the LC3a (15kDa) and LC3b (10kDa) bands at increasing concentrations of GA in depolarized and 

non-depolarized SH-SY5Y, showing increased intensity of the LC3b band at increasing concentrations of GA at 
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40µM and 80µM. (F) Integration of LC3b in depolarized and non-depolarized SH-SY5Y at increasing concentrations 

of GA indicate a significant increase in LC3b in non-depolarised SHSY5Y at 40µM and 80µM GA and at 80µM GA 

in depolarised SH-SY5Y. (F) 7 DIV Rat cortical primary neurons subjected to 10µM GA, with or without KCl 

depolarization, showing increased LC3-positive autophagosomes (arrowheads). Blue, DAPI. Red, SUMO-1. Lilac, 

LC3. Green, ! -syn. Error bars indicate SEM. * = p, 0.05; ** = p, 0.01; *** = p, 0.001; **** = p, 0.0001. 

5.4.4! Post treatment with GA reduces SUMOylation 

We were interested to determine if GA post treatment could promote the clearance of pre-

formed ! -syn aggregates. In order to evaluate the SUMOylation level in cells post-treated 

with GA at increasing concentrations, we first allowed potassium depolarized SH-SY5Y 

cells to incubate for 24h to induce ! -syn-positive aggregates within cells and 

subsequently treated cells with increasing concentrations of 10µM, 40µM and 80µM GA 

for an additional 24 h. As illustrated in Figure 14A, total SUMO-1 conjugates showed an 

increase in intensity upon KCl depolarization over a total period of 48h in depolarized 

SH-SY5Y cells compared to controls. At GA concentrations of 40µM and 80µM, total 

SUMO-1 conjugates appear to be significantly decreased (Figure 14B). We also analysed 

SUMO-1 90kDa band. Figure 14C analysed the SUMO-1 90 KDa band, showing the 

SUMO-1 90kDa band is diminished at 80µM GA post-treatment. For 40µM (p<0.05) and 

80µM (p<0.01) GA treatments, integration showed that cellular levels of the 90kDa 

SUMO-1 band were significantly reduced compared to no SUMO-1 inhibition in 

depolarized SH-SY5Y (Figure 14C). Figure 14D shows the various SUMO-1 bands 

integrated at 80kDa, 75kDa, 30kDa, 20kDa and 15kDa. Hsp90 levels were measured 

showed in Figure 14D where a significant decrease in Hsp90 levels were detected in 

depolarised cells subjected to 40µM and 80µM (p<0.05) of GA treatments (Figure 14E). 
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Figure 14 Reduced SUMO-1 conjugates in SH-SY5Y cells after post-depolarisation inhibition with GA. (A) 

Western blot illustrating SUMO-1 bands comparing cell lysates subjected to increasing concentrations of GA at 10µM, 

40µM and 80µM in depolarised and non-depolarised SH-SY5Y. (B) Western blot analysis of the total SUMO-1 

conjugated bands in depolarised and non-depolarised SH-SY5Y.  (C)Western blot analysis of SUMO-1 90kDa band in 

depolarised and non-depolarised SH-SY5Ycell lysates subjected to increasing concentrations of GA indicate a 

significant decrease in the intensity of the 90kDa SUMO-1 band at 40µM and 80µM GA treatments in depolarised SH-

SY5Y. (D) Integration of different SUMO-1 bands at 80kDa, 75kDa, 30kDa, 20kDa and 15kDa (SUMO-1 monomer). 

(E) Western blot of the Hsp90 band and analysis show a significant decrease at 40µM and 80µM of GA treatments. 

Error bars indicate SEM. * = p, 0.05; ** = p, 0.01; *** = p, 0.001; **** = p, 0.0001. 
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5.4.5! Post treatment with GA upregulates macroautophagy  

Parallel experiments were conducted to evaluate the cellular levels of LC3-positive 

autophagosomes in cells depolarised with KCl that were subjected to post-treatments with 

GA at increasing concentrations. Figure 15A represents images of SH-SY5Y cells stained 

for LC3 (red). When compared to depolarised cells without SUMO inhibitor treatment, 

depolarised cells subjected to 10µM GA showed a distinct upregulation of LC3-positive 

puncta (Figure 15A). Western analysis of cell lysates subjected to post GA treatment 

showed a prominent upregulation of the LC3b band, particularly at 80µM GA, as seen in 

Figure 14B. Band integration showed that LC3b was significantly upregulated (p<0.01) 

in cells subjected to 80µM GA treatment (Figure 15C). 
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Figure 15 Increased LC3-positive autophagosomes and LC3b expression in GA post-treated depolarised and 

non-depolarised SH-SY5Y cells. (A) Immunofluorescence representative images of 10µM GA treated depolarised 

and non-depolarised SH-SY5Y showing LC3-positive autophagosome puncta (red) show upregulation in LC3-positive 

puncta (red) in non-depolarised and depolarised SH-SY5Y. (Scale bar, 10µm). (B) Western blot illustrating LC3a (15 

kDa) and LC3b (10kDa) bands of depolarised and non-depolarised SH-SY5Y cell lysates subjected to various 

concentrations of GA post-treatment. (C) Western blot analysis comparing LC3b band intensity of depolarised and non-

depolarised SH-SY5Y subjected to various post-treatments with GA indicating a significant upregulation of LC3b ratio 

in cell lysates subjected to 80µM GA. Error bars indicate SEM. * = p, 0.05; ** = p, 0.01; *** = p, 0.001; **** = p, 

0.0001. 

5.4.6! Post treatment of GA reduces the frequency ! -syn aggregates 

To determine if post-treatment with GA influences the frequency of ! -syn aggregates, 

parallel experiments were conducted where the frequency of ! -syn-aggregate positive 

cells was evaluated using immunofluorescence. Figure 16A illustrates the formation of 
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large Lewy body-like structures staining for ! -syn in depolarised SH-SY5Y with 48 h 

post-depolarization incubation period with no SUMOylation inhibitor treatments. When 

subjected to depolarisation SH-SY5Y were then post treated at 24 h with GA at 10µM, 

40µM and 80µM concentrations, then incubated for a further 24 h with inhibitor present. 

The frequency of ! -syn-positive aggregates was greatly reduced in GA post-treated cells, 

indicating clearance of pre-formed aggregates (Figure 16B). A few large and several 

small aggregates were observed with 10µM GA post-treatments, a few small aggregates 

were observed with 40µM GA and almost no aggregates were detected at 80µM GA 

(Figure 16B). Cell counting analysis of large (%2µm) ! -syn-positive aggregate-bearing 

SH-SY5Y cells showed a significant decrease in cells bearing ! -syn positive IB in 

depolarised cells when treated with increasing concentrations of GA at 10µM, 40µM and 

80µM (p<0.0001) (Figure 16C). There were no large aggregates found in non-depolarised 

SH-SY5Y. At 48 h post depolarization, SH-SY5Y cells showed no significant difference 

in viability by MTT assay, compared to non-depolarized cells (Figure 16D).  The addition 

of 10µM GA at 24 h had no effect on viability. However, at 40µM and 80µM GA, there 

was a significant increase in viability in depolarized, compared to non-depolarized, with 

80µM GA resulting in a slight reduction in viability in non-depolarized, compared to 

control.  
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Figure 16 Reduced frequency of ! -syn-positive aggregates in depolarised SH-SY5Y cells subjected to GA post-

treatment. (A) Immunofluorescence of SH-SY5Y subjected to KCl-depolarisation and incubation for 48 h where the 

presence of large Lewy-body-like ! -syn-positive aggregates in cells was observed in 50mM KCl depolarised SH-SY5Y 

(arrows). (Scale bar, 10µm). (B) SH-SY5Y subjected to post-treatments of GA at various concentrations indicating 

large and small ! -syn aggregates in SH-SY5Y cells (arrows) where there is a decrease in the frequency of ! -syn positive 

cells at 10µM treatments of GA and only small and less frequent ! -syn-positive aggregates in cells subjected to higher 

concentrations of GA at 40µM and 80µM. (Scale bar, 10µm). (C) Cell counting analysis of the proportion of large 
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(%2µm) aggregate-bearing non-depolarised and depolarised SH-SY5Y. There were no large aggregates present in cells 

of non-depolarised SH-SY5Y. The percentage of large aggregate-bearing cells in KCl depolarised SH-SY5Y increased 

significantly when compared to control. The percentage of large aggregate-bearing cells were significantly decreased 

at 10µM, 40µM and 80µM GA treatments. (D) MTT cell viability assays of SH-SY5Y cells subjected to 1 h 

depolarization with 50 mM KCl, then 48 h incubation, treated with increased concentrations of GA at 24 h post 

depolarization. Error bars indicate SEM. * = p, 0.05; ** = p, 0.01; *** = p, 0.001; **** = p, 0.0001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

97 

5.5!Discussion 

The current study incorporated the use of an ! -syn aggregation cell model of PD, whereby 

KCl was used to induce membrane depolarization in SH-SY5Y neuroblastoma cells and 

rat cortical neurons, leading to formation of frequent microscopically-visible ! -syn 

aggregates over the subsequent 24-48 hrs. Chemical inhibitors of the ubc9-enzyme in the 

SUMO pathway, AA and GA, were utilized to determine if inhibiting SUMOylation may 

have indirect (as well the established direct) influences on the accumulation of ! -syn 

aggregates. GA was found to result in reduced ! -syn aggregates and increased 

macroautophagy markers and was able to promote the clearance of pre-formed ! -syn 

aggregates. 

In previous studies, it was elucidated that SUMO-1 marks a subset of lysosomes that 

cluster around pathological ! -syn inclusion bodies and tau deposits in MSA and 

progressive supranuclear palsy (PSP) brain tissue, respectively (Wong et al., 2013). 

Hsp90 has been identified to be associated with SUMO-1 in pathological intra-nuclear 

inclusion bodies (Pountney et al., 2008a) and glial ! -syn aggregates (Pountney et al., 

2005). SUMOylation of Hsp90 has also been shown to modulate the interaction with the 

Aha1 co-chaperone (Mollapour et al., 2014). Thus, SUMO-1 modification of Hsp90 may 

be linked to the molecular cascade of the autophagy lysosome system when cells respond 

to an accumulation of aggregates that cause neurodegeneration. SUMOylation was also 

upregulated in the lesioned hemisphere of a unilateral rotenone lesion model of PD 

(Weetman et al., 2013). We hypothesized that inhibiting protein SUMOylation using 

SUMO E1-enzyme (Ubc9) inhibitors to partially inhibit SUMOylation may influence the 

autophagy lysosome system and affect the turnover of ! -syn aggregates in a cellular PD 

model.  
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SUMOylation of lysosomes and total SUMOylation was increased in response to ! -syn 

aggregation in the SH-SY5Y cell model. We found that the SUMOylation inhibitors, GA 

and AA, downregulated SUMOylation, upregulated LC3-positive autophagosomes and 

reduced the frequency of intracellular ! -syn-positive inclusion bodies in potassium 

depolarized SH-SY5Y neuroblastoma cells. Similar results were also obtained in 7 DIV 

primary rat cortical neurons. 

Similar to the results obtained in previous studies (Wong et al., 2013), SUMO-1 was 

found to be co-localised with the cathepsin-D (Cat-D) lysosomal marker in aggregate 

positive cells. Using low doses of AA or GA (10µM), SUMO-1 colocalization with CatD-

positive lysosomes in IB-positive cells were significantly reduced. As lysosomal Hsp90 

is associated with CMA, this may reflect downregulation of CMA. Corresponding to the 

immunofluorescence results, Western analysis for SUMO-1 showed that GA caused a 

dose-dependent reduction in SUMO-1 bands. Cells subjected to 100µM GA showed 80-

90% loss of SUMO-1 conjugates and 80 µM GA caused a 20% reduction in cell viability.  

Reports have suggested that SUMOylation of substrate proteins may have an endogenous 

neuroprotective response. It has been shown that the overexpression of SUMO increases 

cell survival under oxygen and glucose deprivation whereby the knockdown of SUMO 

proved to be deleterious. Conversely, down regulating SUMOylation of proteins in 

diseases characterised by hyper SUMOylation is also beneficial. (Cimarosti et al., 2012; 

Datwyler et al., 2011a; Guo et al., 2015; Silveirinha et al., 2013; Wilkinson et al., 2010). 

An in vitro study also revealed the neuroprotective role of SUMO in that the 

SUMOylation of a small portion of ! -syn was able to prevent its aggregation 

(Abeywardana and Pratt, 2015). Consistent with that finding, a cell culture study showed 

that SUMO-deficient ! -syn presented with exacerbated aggregation causing cellular 

toxicity (Krumova et al., 2011). More recently, the SUMO ligase PIAS2 was found to 
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directly SUMOylate ! -syn and overexpression of PIAS2 could increase intracellular 

aggregates of ! -syn PD-linked mutants (Rott et al., 2017). Moreover, GA treatment of 

HEK293 cells over-expressing ! -syn or primary rat neurons reduced the steady-state 

level of wild-type ! -syn (Rott et al., 2017). 

It has been suggested that SUMOylation of lysosomal Hsp90 may be important for its 

function in CMA (Vijayakumaran et al., 2015a). Previous studies have evaluated the 

SUMO-1 labelling of lysosomes in cells treated with proteasome inhibitor, MG132, 

showing an increase in the 90kDa SUMO-1-positive band that was immunopositive for 

Hsp90 and identifying via immunocapture the lysosomal SUMO-conjugate of Hsp90 that 

was also present in purified human pathological ! -syn aggregates (Wong et al., 2013). In 

the current study, the SUMO-1 positive band at 90kDa showed significant decrease at 

increasing concentrations of GA. The same SUMO-1-positive Hsp90 band was also 

increased in aggregate bearing cells. It has been shown previously that inhibition of 

Hsp90 induces macroautophagy and reduces the aggregation of ! -syn (Chaari et al., 2013; 

Riedel et al., 2010; Vijayakumaran et al., 2015a). SUMOylation of Hsp90 has been shown 

to inhibit the interaction with the Aha1 co-chaperone (Mollapour et al., 2014). Therefore, 

inhibiting Hsp90 SUMOylation could result in an effective downregulation of Hsp90 

activity and consequently an increase in macroautophagy.  The current data does not 

provide a direct link between inhibiting Hsp90 SUMOylation and the increased 

macroautophagy observed. However, both GA and AA treatments resulted in similar 

increases in macroautophagy and reduction in SUMO-1 conjugates, strongly suggesting 

that SUMOylation modulates macroautophagy induction.  The current data does not 

establish a direct link between Hsp90 SUMOylation and the modulation of 

macroautophagy. The SUMO pathway could influence autophagy via multiple factors. 

Indeed, SUMOylation of Vps34, which forms part of the autophagosome machinery, also 

has the potential to modulate macroautophagy (Yang et al., 2013). Moreover, Cuervo and 
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co-workers have proposed that synergy between macroautophagy and CMA is crucial in 

PD (Cuervo and Wong, 2014). Thus, inhibiting the SUMOylation of lysosomal Hsp90, 

which occurs in response to protein aggregates, may be able to affect the balance between 

CMA and macroautophagy. Inhibiting Hsp90 activity could also influence 

autophagosome formation via the mTor signalling pathway. 

We investigated LC3 as a marker of autophagosomes in ! -syn aggregate positive and 

SUMOylation inhibitor treated cells. Western blot analysis showed that LC3b, an 

indicator of macroautophagic activity, showed no significant changes in cellular levels 

when comparing aggregate-positive cells to controls. This was consistent with the results 

obtained with immunofluorescence staining of cells, where there were no significant 

changes in levels of LC3-positive puncta. However, when cells were subjected to GA 

treatments, Western blot analysis showed a significant increase in LC3b. Parallel results 

were observed in cells immunostained for LC3, showing an increase in LC3-positive 

puncta in aggregate-bearing cells treated with GA. Furthermore, the observed puncta were 

much larger than those found in control cells. These results indicate that inhibition of 

protein SUMOylation may cause an upregulation of macroautophagy. This finding is 

consistent with Cuervo and co-workers who found that the inhibitory effect of CMA is 

often compensated by the activation of macroautophagy vital for the removal of toxic ! -

syn oligomers linked to neurodegeneration. Previous studies have shown that ! -syn is 

preferentially degraded by CMA, yet aggregation-prone PD-linked ! -syn mutants are not 

able to be degraded by CMA, binding to the LAMP2A pore and inhibiting lysosomal 

degradation (Cuervo et al., 2004). Thus, inhibiting SUMOylation may downregulate the 

CMA response to ! -syn aggregates, resulting in upregulation of beneficial 

macroautophagy. 
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The current study investigated the frequency of ! -syn aggregates in KCl-depolarised cells 

treated with GA to determine if the upregulation of macroautophagy reduced the 

frequency of ! -syn aggregates. Immunofluorescence images of aggregate positive cells 

compared to those treated with increasing concentrations of GA showed a significant and 

progressive decrease in ! -syn-positive aggregates. Large aggregates (%2µm) that were 

observed in aggregate positive cells with no inhibition of SUMOylation resembled the 

Lewy body IBs observed in neuropathological tissue. However, these large aggregates 

diminished when treated with GA at increasing concentrations, with small aggregates 

(<2µm) being more frequent at low GA concentration and an almost total absence of 

microscopically-visible aggregates at higher GA concentrations. Cells subjected to GA 

treatments of 80µM showed almost no aggregates.  

The upregulation of LC3 puncta observed in depolarised cells treated with GA suggests 

that cells subjected to inhibition of protein SUMOylation upregulate levels of 

autophagosomes. This indicates that cells treated with GA activate macroautophagy 

thereby mediating ! -syn aggregate clearance, that may overcome the block to CMA ! -

syn degradation caused by binding of ! -syn aggregates to autophagy components. 

Moreover, this finding may indicate that the activation of macroautophagy due to partial 

inhibition of SUMOylation maybe be beneficial in protecting neural cells against toxic 

stress due to the accumulation of ! -syn aggregates. Thus, GA may both reduce ! -syn 

aggregation by reducing direct SUMOylation of ! -syn and also stimulate ! -syn aggregate 

clearance by upregulating macroautophagy. 
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Chapter 6: Differential Activity of the SUMO Pathway in ParkinsonÕs Disease 

Patient-Derived Olfactory Neurosphere Cell Lines and Response to Proteolytic 

Stress  

 

This chapter will be submitted to Molecular and Cellular Neuroscience to be peer 

reviewed where the manuscript is currently in preparation. Formatting and referencing 

have been modified to maintain consistency throughout this thesis. 

Shamini Vijayakumaran, Dean L. Pountney, Jeremy M. Henley, George D. Mellick, 
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6.1!Abstract 

Human Olfactory Neurosphere-derived (hON) cell lines derived from the biopsies of 

olfactory epithelium of living patients and controls have been used in various PD and 

schizophrenia research due to disease-related signalling pathways that would alter in a 

disease-specific manner. A growing number of studies are evaluating the mechanisms 

where the post-translational mechanism, SUMOylation interplays in neurodegenerative 

disorders such as PD. The aim of this study is to investigate components of the SUMO 

pathway in PD-derived hONs in comparison to age-matched normal control hONs and 

under proteasomal inhibition. Both PD and normal cell controls were subjected to 5µM 

of the proteasome inhibitor, MG132, for 24 hours and cells were analysed by western 

blotting as well as immunofluorescence and cell counting. Western blot results showed a 

significantly greater increase in SUMO-1 conjugation in PD-derived cell lines and cell 

counting revealed a greater upregulation of SUMO-1-positive lysosomes in PD compared 

to normal control cell lines subjected to MG132 treatments. Western blot analysis also 

revealed that levels of Hsp90 were significantly enhanced and levels of total SENP3 

levels increased in PD compared to normal controls both with and without MG132 

treatments. Finally, cell counting analysis of ThT-positive aggregates revealed a 

significantly lower increase in staining among PD compared to normal control cell lines 

upon MG132 treatments. Results suggest that under proteasomal impairment, hONs are 

unable to direct unwanted proteins to the primary protein degradation centre, the UPS, to 

tackle protein homeostasis and/or the clearance of aggregating protein. Due to the decline 

in proteasomal activity, the upregulation of Hsp90 and SUMOylated lysosomes may 

suggest an increase in CMA activity for the accommodation of protein homeostasis. 

Analogous to rotenone-injected brain homogenate studies in mice, the upregulation of 

SUMO-1 conjugates further elucidates that SUMOylation plays a crucial part in handling 

cellular stress or protein imbalance within cells. The increase in SENP3 levels may reflect 
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that PD-derived cell lines are under oxidative stress compared to age-matched normal 

controls, as this SUMO pathway component has been shown previously to increase with 

oxidative stress. Due to the increase in ThT-positive aggregates, cells seem to be 

sequestering potentially unwanted protein aggregates as aggresomes under stress-induced 

conditions in cells. The results also suggest that lower levels of aggregates formed in PD 

cells under MG132 treatments compared to normal controls, may be due to the inability 

of PD cells to sequester proteins into aggresomes regardless of an increase in lysosomes 

when compared to normal controls. In conclusion, this study provides a stepping stone to 

further validate the role of SUMOylation and various cellular mechanisms that interplay 

in PD and may identify crucial disease-specific biomarkers. 
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6.2!Introduction  

Proteolytic stress including oxidative/nitrosative stress, abnormal post-translational 

modifications and calcium dyshomeostasis, are some of the major factors leading to the 

accumulation of misfolded proteins that are toxic to cellular vitality (Bhat et al., 2015; 

Escusa-Toret et al., 2013). This deleterious build-up of modified proteins is associated to 

various age-related pathological conditions such as cancer, cardiovascular diseases as 

well as several neurodegenerative diseases (Ciechanover and Kwon, 2015; Hipp et al., 

2014). The ubiquitin-proteasome system (UPS) is one of the major proteolytic mechanism 

through which the degradation of misfolded proteins and the turnover of most cytosolic 

and nuclear proteins occurs whereby a protein is tagged with a poly-ubiquitin chain and 

then degraded by the proteasome (Amm et al., 2014; Hartl et al., 2011). The decreased 

activity of the proteasome can occur at several levels including its decreased protein 

expression, disassembly of the proteasome or inactivation due to its interaction with 

accumulating misfolded proteins (Korolchuk et al., 2010). The latter initiates cellular 

toxicity in various neurodegenerative diseases such as in ParkinsonÕs disease (PD), 

AlzheimerÕs disease (AD) and HuntingtonÕs disease (HD) (Mittal and Ganesh, 2010; 

Vilchez et al., 2014). This toxic build-up of proteins causes secondary inhibition of the 

proteasome including the autophagy lysosome pathway (ALP) causing further 

aggregation of these toxic species affecting the protein degradation systems and in the 

overall health of the cellular machinery (Jellinger, 2010; Xilouri et al., 2013a).  

Neuropathological inclusion bodies have been found to also contain the small ubiquitin-

like modifier, SUMO, as well as other SUMO target proteins including ! -synuclein. It 

has been reported that SUMO regulates various cellular processes to maintain 

physiological functions and survival within the central nervous system and in 

neurodegeneration (Peters et al., 2017; Vijayakumaran and Pountney, 2018). The SUMO 

pathway also known as SUMOylation, analogous to the UPS, is a post-translational 
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modification that co-ordinates the E1 (activating), E2 (conjugating; Ubc9) and the E3 

(ligating; eg PIAS3) enzymes to recognise sequences within the target protein to 

covalently attach SUMO through the C-terminal glycine to its specific substrate lysine 

residues. It is involved in a variety of cellular pathways including protein-protein or 

protein-DNA interactions. There are 3 paralogues of the SUMO protein, SUMO-1, 2 and 

3 which are found abundantly in the brains of vertebrates (Feligioni et al., 2015). The 

SUMO-1 paralogue has been found to accumulate in ! -syn inclusion bodies from cell 

culture studies and neuropathological brain tissue (Sarge and Park-Sarge, 2011; Weetman 

et al., 2013). Other findings have demonstrated the co-localisation of SUMO-1 to 

Cathepsin-D (lysosomal marker) clustering around or embedded within ! -syn-positive 

deposits of pathological brain specimens and in cell culture models where it was found to 

be conjugated to the molecular chaperone, Hsp90 (Wong et al., 2013). SUMOylation is a 

reversible mechanism achieved via the actions of SUMO-specific deSUMOylation 

enzymes known as SENPs, the main regulators of this pathway. SUMO status is fine-

tuned by cellular and subcellular distribution as well as the variable inducibility of SENPs 

(Krumova and Weishaupt, 2013). There are 6 different mammalian SENPs (SENP1-3 and 

SENP5-7) which are involved in the maturation and deconjugation of substrate proteins. 

SENP5 is largely expressed in the neuronal synapses and SENP3 expression is increased 

upon cell stress due to its association to Hsp90 (Guo and Henley, 2014; Yan et al., 2010a). 

However, more research is yet to be investigated regarding SENP regulation by 

phosphorylation. 

Research on the pathogenesis of human neurological diseases has incorporated the use of 

post mortem tissues and transgenic animal models. However, they represent the end 

stages of disease and do not fully mimic the human neural phenotype respectively. The 

ideal scenario is to be able to create cellular models of human neurodegenerative disease 

generating relevant cell types such as neurons and glia from the patientsÕ own cells. It has 
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been reviewed by Jung and co-authors, the benefits of utilising disease-specific induced 

pluripotent stem cell (iPSC) lines from patients suffering from the disease for cellular 

therapy, drug screening and in-vitro modelling of neurodegenerative diseases (Jung et al., 

2012). Although iPSCs generated from PD patients have been used to understand the 

cellular basis of neurological disorders, significant obstacles still persist when studying 

sporadic cases of neurodegeneration as these models are required to be robust and 

informative of the disease mechanism (Matigian et al., 2010). The human olfactory 

mucosa has been discovered to contain regenerating stem cells that are accessible in living 

humans in health and disease. These human olfactory neurospheres are multipotent where 

they can be differentiated into multiple cell types (Alan, 2012; Mackay-Sim, 2010). The 

use of these cells has been reported in various studies relating to brain disorders as well 

as spinal injuries (English et al., 2015; Mackay-Sim and St John, 2011; Matigian et al., 

2010). The differences in cell biology associated with PD and other neurodegenerative 

diseases can be further investigated as these stem cells provide a proliferating population 

to be able to compare each group of patients with healthy controls (Matigian et al., 2010).  

Due to the various mechanisms that interplay in the context of cellular stress and 

dysfunction, the current study uses the proteasome inhibitor MG132 to cause proteolytic 

stress in patient-derived olfactory neurosphere cell lines from PD patients as well as age-

matched olfactory neurosphere cell lines from normal controls. While the proteasomal 

function of each cell line is being inhibited, mediators associated with SUMOylation such 

as Hsp90, SENP3 and inclusion bodies under the influence of cellular stress in these PD 

patient-derived cell lines were evaluated, analysed and compared with age-matched 

normal control cell lines. 
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6.3!Materials and Methods 

6.3.1! Participants and Nasal Biopsies 

All  nasal biopsies were collected from a chosen cohort of PD patients and age-matched 

control participants with their informed consent by Griffith Research Institute for Drug 

Discovery (GRIDD) (FŽron et al., 1998). Firstly, PD patients had been evaluated 

according to the standard clinical procedures by a qualified neurologist experienced in 

movement disorders. Both groups of participants were further evaluated via a 

questionnaire to rule out the possibility of any undiagnosed PD in age-matched controls. 

In addition, details of all participants such as age, sex, medications and smoking status 

was recorded (Matigian et al., 2010).  

Nasal biopsy procedures were conducted in accordance to the National Health and 

Medical Research Council of Australia. Biopsy tissue samples were carefully obtained 

via a protocol that was approved by the ethics committee as described previously (FŽron 

et al., 1998). 

6.3.2! Cell Cultur e 

Human nasal biopsies were obtained and cultured via a series of steps as described 

previously (FŽron et al., 1998; Matigian et al., 2010).  hONs cell lines were received as 

frozen aliquots from the Griffith Research Institute for Drug Discovery (GRIDD) (8 PD 

and 8 age-matched normal controls). These aliquots were thawed and cultured in 25cm2 

flasks for 3 days till they reach 90% confluency before passaging them via enzymatic 

detachment of 1% trypsin-EDTA (Gibco) into 75cm2 flasks of equal densities; 300,000 

cells per flask. Cells were allowed to reach 80% confluency before commencing any 

further. Treated cells were then harvested by a cell scraper for cell lysate preparation, gel 

electrophoresis and western blot analysis.  
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Cells were also seeded at a density of 8000 cells on each 10mm glass coverslips in a 24 

well plate. Cells were allowed to reach 80% confluency before the commencement of any 

treatments to the cell lines. These coverslips were subsequently stained for 

immunofluorescence confocal imaging and analysis.  

All cells were grown under recommended standard conditions on tissue culture plates 

and/or flasks in DMEM/F12 supplemented with 10% FBS at 37¡C and 5% CO2. All cell 

culture procedures were performed carefully to prevent any cross-contamination of the 

individual cell lines. Experiments were done in triplicates for statistical significance. 

6.3.3! Proteasome Inhibition 

Fresh media containing 5µM of the proteasome inhibitor, MG132 (Abcam ab141003), 

was replenished to culture plates and flasks containing adhered hONs that have reached 

80% confluency. Normal control cells and PD cells that were treated with MG132 was 

concluded after 24 hours. Sham-treated normal control and PD hONs were treated with 

fresh media containing DMSO in parallel to cells treated with MG132. 

6.3.4! Immunofluorescence 

After 24 hours of MG132 treatment, 24 well plates containing the coverslips with adhered 

hONs were washed with ice-cold DPBS prior to fixation. Cells were fixed in cold 

methanol:acetone (1:1) in -20¡C for 5 minutes. Coverslips were washed with ice-cold 

DPBS twice and blocked with 3% BSA and 22.52mg/ml glycine mixed in PBS-T for 1 

hour. Coverslips were incubated with primary antibodies anti-mouse SUMO-1 (Santa 

Cruz D-11: sc-5308; 1:50) and anti-rabbit Cathepsin-D (Abcam ab826; 10ug/ml) mixed 

in 1% BSA in DPBS overnight. Coverslips were washed 3 times (5 mins each) with DPBS 

and stained with their respective secondary antibodies, AF488 (Molecular Probes, 

Invitrogen, Donkey anti-mouse; 1:100) and AF568 (Molecular Probes, Invitrogen, 

Donkey anti-rabbit; 1:100), mixed in 1% BSA in DPBS in the dark overnight. Coverslips 
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were washed 3 times (5 mins each) with DPBS. A drop of ProLong$  Gold Antifade 

reagent mounting medium contain DAPI was added onto slides where each coverslip was 

carefully mounted. The slides were allowed to dry in the dark and their edges were sealed 

with nail varnish.  

Thioflavin-T staining was performed in parallel after fixing and blocking. Coverslips 

were incubated in filtered 0.01% w/v aqueous Thioflavin-T (Sigma) mixed in DPBS for 

8 minutes at room temperature in the dark. Coverslips were washed in 80% ethanol (3 

times) and washed once with 95% ethanol and finally washed with DPBS (3 times, 3 

minutes each). A drop of ProLong$  Gold Antifade reagent mounting medium containing 

DAPI was added onto slides where each coverslip was carefully mounted. The slides were 

allowed to dry in the dark and their edges were sealed with nail varnish. All slides were 

stored in the dark at 4¡C after their respective incubation steps. 

6.3.5! Laser Scanning Confocal Microscopy Image Analysis & Cell Counting 

Slides were imaged using the Olympus FV-1000 laser scanning confocal microscope. 

Negative control secondary antibody only slides were imaged first to determine the 

appropriate microscope settings (laser high voltage, electronic gain and offset) for 

subsequent image analysis. Immersion oil for the 60X lens was used for imaging the 

slides. In the first group of slides, DAPI, Alexa-fluor 488 (SUMO-1) and Alexa-fluor 568 

(Cathepsin-D) were imaged together in a single scan. Subsequently, the second group of 

slides staining for DAPI and Alexa-fluor 488 were imaged together. Images were then 

exported to be edited using the Olympus Fluoview software. 

hONs stained for SUMO-1 (red) and Cathepsin-D (green), lysosomal marker, were 

analysed. hONs staining for Thio-T (magenta) were analysed. The microscope settings of 

Cathepsin-D and SUMO-1 were adjusted by the Olympus Fluoview software. Co-

localisation quantification was performed by Image J via the co-localisation analysis tool 
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where co-localising puncta (% 2µm) was auto-selected and counted. ThT puncta (% 1µm) 

were counted using Image J Cell Counter. This analysis was applied to all regions of 

interest (ROI) for all coverslips to ensure no biasness is involved. Each coverslip of the 

two group of slides has 5 ROIs which were performed in triplicates (n=270 each). 

6.3.6! Western Blot Analysis 

6.3.6.1!Cell Lysate Preparation 

Following MG132 treatments, using a cell scraper, hONs were harvested and resuspended 

in cell lysis buffer (RIPA buffer Sigma R0278) supplemented with protease inhibitor 

cocktail (1% v/v PIC, Sigma, P8340) and N-ethymaleimide (50mM NEM, Sigma, 

E3876). All experiments were performed in ice. Cell samples were sonicated 3x 10 

seconds on ice with a Branson sonicator (output 2, constant). Cell lysates were placed in 

-80¡C for 1 hour and thawed in ice (4¡C) for complete cell lysis. Cell lysates were 

centrifuged at 15,000rpm at 4¡C for 15 minutes, and the supernatant was aspirated and 

placed in fresh tubes. Protein quantification was subsequently performed using the 

Thermo Scientific BCA Assay kit as per manufacturerÕs instructions. Equal amount of 

protein (35µg) was diluted in 2X Lamelli concentrate containing 5% " -mercaptoethanol 

(Sigma, S3401). Samples were boiled at 100¡C for 8 minutes prior loading into the gel. 

6.3.6.2!Gel Preparation and Electrophoresis 

Samples were subjected to SDS-PAGE using 10% gel density (40% Acrylamide/Bis 29:1, 

Bio-Rad, CA, USA). Following gel electrophoresis proteins were transferred onto PVDF 

membrane (Merck Immobiolon-P, 0.45µm pore size). Membranes were then blocked 

using 5% bovine serum albumin (BSA) diluted in Tris-buffered saline containing 0.1% 

Tween-20 (TBS-T) for 1 hour. Membranes were probed with the specific monoclonal 

and/or polyclonal primary antibodies, rabbit anti-SUMO-1 (Abcam, ab3819, 1:1000), 

rabbit anti-Hsp90 (Cell Signalling, 4877S, 1:1000) and rabbit anti-SENP3 (Cell 
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Signalling, D20A10, #5591, 1:1000) and the loading control mouse anti-" -actin (Abcam, 

ab8226, 1:1000) suspended in 3% BSA with TBS-T overnight at 40C with gentle rocking. 

Membranes were washed three times for 5 minutes each and re-probed for the appropriate 

HRP-conjugated secondary antibodies (Bio-Rad Goat HRP Conjugates; anti-rabbit#170-

6515, anti-mouse #170-6516) suspended in 3% BSA in TBS-T at 1:3000 under room 

temperature for an hour. Membranes were washed three times for 5 minutes each and the 

proteins of interest were detected using the SuperSignal West Femto chemiluminescent 

substrate (Pierce) and visualised using the ChemiDocTMXRS+ System (Bio-Rad). Protein 

band intensities was analysed using its Bio-Rad Image Lab Software. 
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6.4!Results 

6.4.1! Proteolytic stress upregulates SUMO-1 levels as well as SUMOylated 

lysosomes in age-matched normal controls and in PD hONs. 

Increased levels of SUMO-1 and SUMO-1 positive lysosomes have been revealed in PD 

cell-based assays as well as MSA brain tissue sections (Wong et al., 2013). To further 

study protein SUMOylation and its differential sensitivity in PD cell lines, proteolytic 

stress was induced and compared to age-matched normal controls. The proteasome 

inhibitor, MG132, at 5µM was used to treat the PD cell lines and normal controls for 24 

hours where SUMO-1 levels (Figure 19) and the percentage of SUMOylated lysosomes 

were investigated (Figures 17, 18).  

Immunofluorescence staining showed an increase in SUMOylated lysosomes (yellow 

puncta) in PD hONs compared to normal age-matched controls. In response to MG132 

treatment in both normal control and PD cell lines (Figure 17), a distinct increase in 

yellow puncta was observed in both the hONs groups.  
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Figure 17: Immunofluorescence images of SUMOylated lysosomes in PD-derived cell lines compared to normal 

age-matched control cell lines with and without MG132 treatments. Arrows depict co-localizing SUMO-1 (red) to 

lysosomes (Cathepsin D; green) as well as DAPI (blue). An increase in yellow puncta is seen in PD patients compared 

to healthy controls. A further increase in in yellow puncta is seen in both healthy controls as well as in PD patients 

when treated with MG132. (Scale bar 20µm). 
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Figure 18 Cell counting analysis of SUMOylated lysosomes comparing PD hONS and age-matched controls with 

and without MG132 treatments. Cell counting analysis of SUMOylated lysosomes show a significant increase in 

healthy controls treated with MG132 compared to untreated. These age-matched un-treated healthy controls 

significantly stained little or no yellow puncta when compared to un-treated PD patients. PD patients showed a 

significant increase in yellow puncta when treated with MG132. Data incorporates 16 cell lines comparing 8 age-

matched controls and 8 PD patients, n= 3. Error bars indicate the SEM. * = p, 0.05; ** = p, 0.01; *** = p, 0.001; **** 

= p, 0.0001. 

Cell counting analysis revealed higher levels of co-localising SUMO-1 to lysosomes in 

PD cell lines compared to normal age-matched controls as observed in our 

immunofluorescence studies (p <0.01) (Figure 18). A significant upregulation of SUMO-

1 positive lysosomes in both normal controls and PD cell lines upon MG132 treatments 

(p <0.0001) was also revealed. 
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Figure 19 Western blot comparing conjugated SUMO-1 bands in PD hONs with normal age-matched controls 

with and without MG132 treatments. Conjugated SUMO-1 bands predominantly staining at 120kDa-180kDa, 90kDa 

and 60kDa with the SUMO-1 monomer at 15kDa. A 17kDa band appears to be more visible under MG132 treatments. 

Loading control; #-actin (42 kDa).5Gel percentage; 10%. Protein concentration per well; 35µg.  

Figure 19 shows representative western blots comparing SUMO-1 band intensities at 120-

180kDa, 90kDa, 60kDa, 17kDa and 15kDa depicting significant changes at 120-180kDa, 

90kDa and 15kDa (Figure 19). PD hONS revealed to have higher levels of SUMO-1 at 

120kDa and 90kDa compared to healthy control hONS. At 90kDa, SUMO-1 levels 

appeared to have increased under the treatment of MG132 in both healthy controls as well 

as PD patients. The SUMO-1 monomer staining at 15kDa, revealed a significant drop in 

SUMO-1 levels when both healthy controls and PD patients have been treated with 

MG132. 
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Figure 20 Comparing normalised SUMO-1 band intensities in PD hONs and normal age-matched controls with 

and without MG132 treatments. Western blot analysis of SUMO-1 band intensities at 120-180kDa, 90kDa, 60kDa, 

17kDa and 15kDa depicts significant changes particularly at 120-180kDa, 90kDa and 15kDa. PD hONs revealed 

significantly higher levels of SUMO-1 at 120kDa and 90kDa compared to healthy control hONS. At 90kDa, SUMO-1 

levels significantly increased under the treatment of MG132 in both healthy controls as well as PD patients. The levels 

of SUMO-1 monomer is significantly higher in PD patients compared to healthy controls at 15kDa. A significant drop 

in SUMO-1 levels is seen in both healthy controls and PD patients treated with MG132. Data incorporates 16 cell lines 

comparing 8 age-matched controls and 8 PD patients, n= 3. Error bars indicate the SEM. * = p, 0.05; ** = p, 0.01; *** 

= p, 0.001; **** = p, 0.0001. 

Western blot analysis revealed a significant increase in total protein SUMOylation at 120-

180kDa (p <0.05) as well as at 90kDa (p <0.01) in PD cell lines compared to normal 

control (Figure 20). The levels of SUMO-1 monomer at 15kDa was significantly higher 

in PD cell lines compared to normal controls. Upon MG132 treatment to these cells, 

SUMO-1 levels at 90kDa showed a significant increase in both normal age-matched 

controls (p <0.05) and PD hONs (p<0.001). However, SUMO-1 monomer levels at 15kDa 

seem to significantly decline (p <0.0001) upon MG132 treatments in both normal age-

matched controls and PD cell lines.  
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Figure 21 Representative western blot of Hsp90 bands comparing PD hONs and normal age-matched controls 

with and without MG132 treatments. Doublet bands of Hsp90 bands are observed at 90kDa where PD hONs showed 

greater levels of Hsp90 staining compared to normal controls. Both PD hONs and normal controls exhibited an increase 

in immunoreactivity to Hsp90 with the treatment of MG132. Arrows depict the Hsp90-SUMO-1 conjugates. Loading 

control; #-actin (42 kDa).5Gel percentage; 10%. Protein concentration per well; 35µg. 

6.4.2!  Hsp90 levels significantly increased in PD hONs compared to age-matched 

normal controls and in PD hONs. 

Figure 21 illustrates the Hsp90 stained western blot characterised by the doublet band in 

each lane. These bands appear to stain more heavily in PD hONs compared to normal 

age-matched controls. Upon MG132 treatments, both PD hONs and normal age-matched 

controls showed a similar increase in intensity. The ~95kDa Hsp90-SUMO-1 conjugate 

band (arrows), seems to be upregulated in PD hONs compared to age-matched normal 

controls. This trend was also observed when both groups were treated with MG132.  In 

previous studies the upper Hsp90-SUMO-1 conjugate band was upregulated upon 
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MG132 treatments in 1321N1 cells and was assigned by immunoprecipitation for SUMO-

1 and reverse immunoprecipitation as the Hsp90-SUMO-1 conjugate (Wong et al., 2013). 

The western blot quantitative analysis revealed similar results in Figure 21. 

 

Figure 22 Quantitative analysis of normalised Hsp90 band intensities of PD hONs and normal age-matched 

controls with and without MG132 treatments. PD hONs demonstrated greater Hsp90 levels compared to normal 

age-matched controls. Both PD hONs and normal age-matched controls showed a significant increase in Hsp90 levels 

upon MG132 treatments. Data incorporates 16 cell lines comparing 8 age-matched controls and 8 PD patients, n= 3. 

Error bars indicate the SEM. * = p, 0.05; ** = p, 0.01; *** = p, 0.001; **** = p, 0.0001. 

 

Figure 22 illustrates the quantitative analysis of Hsp90 imunoreactivity in both groups of 

PD hONs and age-matched normal controls with and without MG132 treatments. Western 

blot analysis showed significantly higher levels of Hsp90 protein ratio at 90kDa in PD 

cell lines compared to normal age-matched controls, being two-fold greater in PD cell 

lines (p<0.01) (Figure 22). Results also revealed significant upregulation of Hsp90 in both 
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normal controls and PD cell lines under MG132 treatments, having ~30% increase in 

each, in both PD and normal compared to untreated (p<0.001). 

6.4.3! Increased levels of SENP3 in PD hONs  compared to normal controls. 

Recently it has been shown that under stressful conditions SENP3 associates with Hsp90 

protecting it from CHIP-mediated ubiquitination leading to increased SENP3 levels (Guo 

and Henley, 2014; Yan et al., 2010b). Therefore, we analysed the western blots to reveal 

the effects of proteolytic stress in PD hONs comparing SENP3 levels to normal age-

matched controls (Figure 23). Two different bands were observed in western analysis at 

75kDa and at 90kDa. It has been proposed previously that the 90kDa SENP3 identifies 

ubiquitinated SENP3 conjugates (Guo et al., 2013; Yan et al., 2010b). It was revealed 

here that total SENP3 levels were significantly higher in PD cell lines compared to normal 

controls with or without MG132 treatments. The levels of 90kDa SENP3 ubiquitin 

conjugates were observed to be greater in intensity when both PD hONs and normal age-

matched controls were treated with MG132. 

 

Figure 23 Representative western blot of SENP3 bands comparing PD hONs and normal age-matched controls 

with and without MG132 treatments. Western blots revealed SENP3 staining at both 90kDa and 75kDa which 

revealed greater levels of SENP3 staining among PD hONs compared to normal age-matched controls. SENP3 staining 

at 90kDa showed increased levels in both PD hONs and normal age-matched controls upon MG132 treatments. Total 

SENP3 levels were observed to be greater in PD hONs compared to normal age-matched controls upon MG132 

treatments. Loading control; #-actin (42 kDa).5Gel percentage; 10%. Protein concentration per well; 35µg. 
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Figure 24 Quantitative analysis of normalised SENP3 band intensities at 75kDa, 90kDa and the integration of 

both bands in PD hONs and normal age-matched controls with and without MG132 treatments. Significantly 

greater levels of SENP3 were revealed at 75kDa in PD hONs when compared to normal age-matched controls. This 

comparison was also observed when both the 75kDa and 90kDa bands were integrated and quantified. At 90kDa, 

MG132-treated PD hONs exhibited a significant increase in SENP3 levels when compared to non-treated PD hONs. 

Data incorporates 16 cell lines comparing 8 age-matched controls and 8 PD patients, n= 3. Error bars indicate the SEM. 

* = p, 0.05; ** = p, 0.01; *** = p, 0.001; **** = p, 0.0001. 

Western blot bands were analysed where both the normalised 75kDa and 90kDa were 

quantified separately in which both PD hONs and normal age-matched controls with and 

without MG132 treatments were compared. Results revealed PD hONs to have greater 

levels of 75kDa SENP3 compared to normal age-matched controls without MG132 

treatments (p<0.01) (Figure 24). Although, this trend was observed at 90kDa, this was 

not significant (p>0.05). The total integration of both bands exhibited significantly higher 

base-line levels of SENP3 in PD hONs compared to normal age-matched controls 

(p<0.0001). Upon MG132 treatments, the 75kDa SENP3 levels in both PD hONs and 

normal age-matched controls declined but was not significant (p>0.05). At 90kDa, 

SENP3 levels in both groups increased upon MG132 treatments which was not significant 
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in normal age-matched controls but significantly greater in PD hONs (p>0.01). This is 

consistent with the accumulation of the ubiquitinated forms of SENP3 upon proteasomal 

inhibition. 

6.4.4! Increased staining of Thio-T positive puncta in MG132 treated normal 

controls and PD hONs. 

To determine if proteolytic stress induces the formation of amyloid protein aggregates, 

both PD and normal age-matched hONs with or without the treatment of MG132 were 

stained with Thioflavin-T (ThT) and compared.  

 

Figure 25 Representative immunofluorescence images of ThT staining in PD hONs and normal age-matched 

controls with and without MG132 treatments. Arrows depict ThT staining (magenta) as well as DAPI (blue). ThT-

staining among PD hONs and normal age-matched controls were greater in frequency upon MG132 treatments. (Scale 

bar 20µm). 
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Figure 25 illustrates the formation of amyloid ThT-positive puncta (% 2µm) upon 5µM 

MG132 treatment in a period of 24 hours. Although it was expected that the proportion 

of ThT-positive puncta would be higher in untreated PD hONs compared to untreated 

normal age-matched controls, the baseline levels of amyloid protein staining for ThT in 

normal controls and PD cell lines were not observed to be significantly different to one 

another. Cell counting confirmed the low levels of ThT-positive puncta in both groups 

were not significantly different to one another (Figure 26). However, cell counting 

analysis shows a significant increase in ThT-positive puncta in both age-matched normal 

control (p <0.0001) and PD (p <0.05) cell lines following MG132 treatment. This is also 

observed in the immunofluorescence images in figure 25, where the distinct increase in 

frequency of ThT staining were visible in both groups upon MG132 treatment. Normal 

control cell lines demonstrated twice the levels of ThT positive puncta formed in PD cell 

lines (p <0.05) (Figure 26). 

 

Figure 26 Cell counting analysis of ThT staining in PD hoNs and normal age-matched controls with and without 

MG132 treatments. Cell counting analysis of the proportion of ThT-positive puncta (%2µm) showed a significant 

increase in both PD hONs and normal age-matched controls upon MG132 treatments. Levels of ThT-positive puncta 

seen in PD hONs were not significantly different to normal controls. The proportion of ThT stained puncta were 
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significantly lower in PD hONs compared to normal age-matched controls upon MG132 treatments. Data incorporates 

16 cell lines comparing 8 age-matched controls and 8 PD patients, n= 3. Error bars indicate the SEM. * = p, 0.05; ** = 

p, 0.01; *** = p, 0.001; **** = p, 0.0001. 

6.5!Discussion 

The current study incorporated the use of disease-specific hONs cell lines derived from 

nasal biopsies of PD patients and age-matched normal controls where they were 

subsequently treated with MG132, a known proteasome inhibitor, to induce proteolytic 

stress. The SUMO response in these untreated hONs cell lines of PD and age-matched 

normal controls was analysed to determine if there were significant differences in SUMO-

1 expression, SUMO-1 positive lysosomes, Hsp90 and SENP3 levels. These SUMO 

responses were subsequently determined in both groups of hONs under proteasomal 

inhibition. In addition, the presence and frequency of Thio-T positive puncta was 

investigated in both PD and age-matched normal control hONs cell lines were analysed. 

Previous studies have shown that the stereotactic rotenone injection into the medial 

forebrain bundle in mice caused the increase expression of SUMO-1 in the treated 

hemisphere compared to the control hemisphere (Weetman et al., 2013). In addition, in 

vitro studies revealed that the 90kDa SUMO-1-positive band was immuno-positive for 

Hsp90 in 1321N1 cells subjected to proteasome inhibition (Wong et al., 2013). Therefore, 

it was hypothesized that by subjecting hONs from PD patients and age-matched normal 

controls to MG132 treatments, the SUMOylation status and mediators of SUMO-1 would 

be similarly altered within a disease-specific setting. 

Parallel to the results in the abovementioned study (Weetman et al., 2013), we have shown 

that the levels of co-localising SUMO-1 to lysosomes in PD hONs and in normal controls 

were increased in response to proteolytic stress. Levels of SUMO-1 conjugates 

particularly at 90kDa were revealed to be upregulated in both groups subjected to 

proteasome inhibition. Various reports have also investigated the mechanisms of SUMO 
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in the cellular response to various proteolytic stressors such as H2O2, rotenone, KCl and 

MG132. Cimarosti and colleagues have revealed that subjecting cultured hippocampal 

neurons to OGD, increased levels of SUMO-1 and SUMO2/3 conjugation to substrate 

proteins (Cimarosti et al., 2012). In addition, upregulation of SUMO-1 conjugation via 

the overexpression of Ubc9 in SHSY5Y neuroblastoma cells have proven to cause 

increased resistance to OGD (Lee and Hallenbeck, 2013). Furthermore, the upregulation 

of SUMO-1 levels have shown to provide protection against heart failure and AlzheimerÕs 

disease (Ahyoung et al., 2014; Hoppe et al., 2013). Other studies have revealed that the 

downregulation of SUMO conjugation in diseases defined by hyper SUMOylation is also 

favourable (Datwyler et al., 2011b; Rott et al., 2017; Silveirinha et al., 2013; Wilkinson 

et al., 2010). Vijayakumaran and colleagues, have proposed that SUMOylation could be 

modulated to reach appropriate levels which may provide a more protective outcome 

(Vijayakumaran and Pountney, 2018).  

In previous studies, Hsp90 has been found to be associated with SUMO-1 in the presence 

of pathological intra-nuclear inclusion bodies and glial ! -syn aggregates (Pountney et al., 

2008a). Furthermore, reports have shown that SUMO-1 labelling of lysosomes in cells 

treated with MG132 showed an increase in the 90kDa SUMO-1-positive band which also 

revealed to be immuno-positive for Hsp90 (Wong et al., 2013). Therefore, we studied the 

levels of Hsp90 in both PD and normal control hONs subjected to proteasome inhibition 

and results showed a significant increase in levels of Hsp90. Hsp90 has been known to 

maintain protein quality control, assisting protein for degradation through the proteasome 

and/or ALP. Studies have found it to be beneficial to alleviate cellular toxicity via the 

inhibition of Hsp90 in various neurodegenerative disorders (Baldo et al., 2012; Tokui et 

al., 2008). Studies have shown that the association of SUMO to Hsp90 causes the 

recruitment of Aha1 co-chaperone which has been reported to promote aggregation in 

cells (Mollapour et al., 2014; Shelton et al., 2017a). These PD hONs harbouring higher 
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levels of Hsp90 compared to age-matched normal controls indicate that they may be 

subjected to the consequences of aging where the Hsp90 chaperone network has been 

known to suffer due to the lack of healthy chaperones available, in comparison to age-

matched normal controls. 

The current study also evaluated levels of the SUMO-specific deSUMOylating enzyme, 

SENP3. PD hONs presented with significantly higher levels of SENP3 compared to 

normal controls hONs in both MG132-treated and untreated cells. Reports have shown 

that under mild oxidative stress, Hsp90 protects SENP3 from degradation via CHIP-

mediated ubiquitination. However, the effects of Hsp90 protection requires the presence 

of CHIP, demonstrating the close relationship between them to either stabilise or degrade 

SENP3 depending on its redox state (Yan et al., 2010a). Greater levels of SENP3 levels 

observed in PD-derived cell lines compared to normal controls suggest that proteasome 

inhibition prevents proteasomal degradation which is confirmed by the accumulation of 

ubiquitinated bands respresented by the 90kDa SENP3 conjugate band observed under 

MG132 treatments.  

To determine if proteasome dysfunction causes an abnormal aggregation of amyloid 

puncta to accumulate in both PD and normal control cell lines the percentage of ThT-

positive puncta in both groups were analysed. Results showed an increase in ThT puncta 

in both treated PD and normal control hONS. The increased percentage of ThT-positive 

puncta were higher in normal controls compared to PD cell lines. No significant 

differences in ThT puncta were observed in both untreated PD and normal control cell 

lines. Vilchez and co-authors have reviewed the impacts ageing has on protein clearance 

mechanisms. The declination of the UPS and ALP potential is a secondary consequence 

of the accumulation of protein inclusions and undigested cargos within lysosomes 

respectively (Vilchez et al., 2014). Studies have also demonstrated that age-associated 

aggregation hinders the UPS machinery, and causes a negative feedback loop accelerating 
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the ageing process by aggravating the decline of proteostasis as misfolded and 

aggregation-prone proteins reach a critical level (Andersson et al., 2013). The inhibition 

of the proteasome in this study in relation to the occurrence of ThT-positive puncta further 

elucidates that impairment of the proteasome causes the aggregation of misfolded 

proteins. Furthermore, the PD cell lines presenting with lower levels of ThT puncta 

compared to the age-matched cell lines upon MG132 treatment, may suggest that PD cells 

are not as effective in sequestering excess misfolded proteins in aggresomes compared to 

normal controls, regardless of the increased levels SUMO-1-positive lysosomes. As 

hONs cells do not express ! -synuclein, it would be interesting to effect of over-expression 

of ! -synuclein on aggregate formation. 

Under the impairment of the proteasome, various mechanisms seem to interplay to battle 

the cellular stress that is implicated to maintain cellular health in both age-matched 

normal controls as well as in PD patients. SUMOylation and levels of Hsp90 is enhanced 

in both normal and PD patients subjected to the proteasome inhibitor, suggesting CMA 

has a part to play in cell stress which adds to our previous findings. This study revealed 

various findings such as the levels of SUMO-1 conjugates, Hsp90, SENP3 and 

ubiquitinated SENP3. There was a significantly greater increase in levels of SUMO 

conjugates in hONs cell lines derived from PD patients compared to age-matched normal 

controls with proteasomal inhibition which may reveal its potential use as a systemic 

marker for PD. In addition to this finding, the significant increase in levels of total SENP3 

levels in PD patients may potentially uncover a novel biomarker for the pre-symptomatic 

diagnosis of PD. 

As this study encompasses several findings, which includes the SUMO response to age-

related cellular stress together with other key partners that play hand-in-hand within a 

disease-specific model of PD, further studies are required to complete the puzzle in which 

various processes interplay with one another. Levels of ubiquitin and CHIP could be 
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analysed to understand the level of ubiquitination occurring in PD cell lines in response 

to enhanced stress. Levels of LAMP2A, LC3a/b and cytochrome c may provide a further 

insight into the various types of autophagy that may be activated in response to cellular 

stress in PD such as CMA, macroautophagy and mitophagy respectively. In addition, the 

origin of the differences in protein expression among PD derived hONs compared to 

normal age-matched control hONs still needs further elucidation as to whether this may 

be genetic, epigenetic or developmental. The propagation of hONs into various cell types 

can be further examined to clarify the existence of systemic changes in protein expression 

in both health and disease.  
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Chapter 7: General Discussion 

 

This chapter discusses the findings derived from Chapter 5 and Chapter 6 to conclude the 

entire thesis: ÔInvestigation of the Small Ubiquitin-like Modifier Pathway in ParkinsonÕs 

Disease as a Therapeutic Target and Potential BiomarkerÕ. This chapter will be in 

preparation for publication as a review chapter upon it submission.  

Shamini Vijayakumaran, Dean L. Pountney 
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In recent years, the SUMO pathway, one of the cellular post-translational modifications, 

has become increasingly popular due to its association as a regulator of toxic protein 

species that are found aggregating in various neurodegenerative disorders. This thesis 

aimed to investigate the SUMO pathway within a cell-based assay system of PD and in 

patient-derived PD hONs in the hope for a therapeutic target and a potential biomarker of 

PD.  

SUMOylation is downregulated by chemical inhibitors in a PD cell model. 

Previous findings have shown that KCl treatment of cells induces membrane 

depolarisation causing the transient calcium influx by opening voltage-gated calcium 

channels in cells promoting frequent protein aggregates positive for ! -synuclein over a 

period of 24-48 hours (Follett et al., 2012; Nath et al., 2011; Rcom-H'cheo-Gauthier et 

al., 2014). Therefore, we used this ! -synuclein cell aggregation model of PD to explore 

the SUMO pathway in response to SUMO-1 Ubc9 enzyme inhibition in depolarised 

neuroblastoma cells. The close to complete SUMO inhibition in cells was employed to 

validate the findings that Fukuda and colleagues have identified (Fukuda et al., 2009). 

SUMOylation is crucial for healthy cellular functions and to combat abnormal 

proteineopathies in disease. (Anderson et al., 2009b; Henley et al., 2014; Jackson and 

Durocher, 2013; Krumova et al., 2011; Wilkinson et al., 2010; Zhang et al., 2011). In 

chapter 5, SUMOylation was moderately inhibited at various concentrations in 

depolarised neuroblastoma cells and primary neurons to investigate the proportion of 

SUMO-1 positive lysosomes, the integrated levels of SUMO-1, levels of Hsp90 

associated to SUMO-1, frequency of LC3-positive autophagosomes and the frequency of 

! -synuclein-positive protein aggregates.  
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SUMO inhibition downregulates chaperone-mediated autophagy. 

Previous findings have demonstrated that SUMO-1 has been associated with lysosomes 

which cluster around pathological inclusion bodies in post-mortem MSA and PSP brain 

tissues (Wong et al., 2013). Pountney and co-workers have identified Hsp90 to be 

associated with SUMO-1 in pathological intra-nuclear inclusion bodies (Pountney et al., 

2008b) and in glial protein deposits (Pountney et al., 2005). Other studies have also shown 

that the association of SUMO to Hsp90 modulates the interaction with the co-chaperone 

Aha1 (Mollapour et al., 2014; Mollapour and Neckers, 2012). Overall, these findings 

suggest that SUMO upregulation in response to aggregating proteins is linked to Hsp90 

and CMA via the interaction with the co-chaperone Aha1. Therefore, we investigated the 

SUMO-1 expression in response to pre- and post- SUMO inhibition in depolarised 

neuroblastoma cells in a period of 24-48 hours (Chapter 5). Depolarised cells revealed an 

increase in SUMOylated lysosomes and total SUMO-1 conjugates. These levels were 

significantly reduced in cells bearing protein aggregates in response to SUMO-1 

inhibition. In addition, SUMO-1 band associated to the 90kDa band was found to be 

significantly reduced in response to SUMO-1 inhibition. Although these findings were 

meaningful, it was uncertain as to whether the pre-treatments of SUMO inhibitors were 

interfering with the formation of protein aggregates following KCl depolarisation over a 

period of 24 hours. Therefore, we conducted the experiment to induce aggregate 

formation first, followed by post- SUMO inhibitor treatments for an additional period of 

24 hours. Western blots and immunofluorescence studies revealed similar results whereby 

there was a significant drop in SUMOylated lysosomes, total SUMO-1 conjugates and 

SUMO-1 90kDa bands.  
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SUMO inhibition may promote the clearance of protein aggregates. 

The formation of aggregates in these neuroblastoma cells and primary neurons were 

closely investigated to determine the frequency of ! -synuclein positive aggregates in KCl 

depolarised cells in response to SUMO-1 inhibition. Interestingly, KCl depolarised cells 

bearing frequent ! -synuclein aggregates revealed a significant decrease in levels upon 

pre- and post SUMO-1 inhibition. Due to the ambiguity mentioned before, the induction 

of aggregation within untreated cells over a period of 48 hours revealed the formation of 

large Lewy body-like structures positive for ! -synuclein in the cytoplasm of depolarised 

neuroblastoma cells. Upon the post- SUMO inhibition of these depolarised cells, results 

revealed little or no ! -synuclein positive protein aggregates. Similarly, SUMO inhibitor 

effects on primary rat neurons that were subjected to KCl depolarisation, revealed a 

reduction in accumulations of focal punctate structures while preserving ! -synuclein 

staining of neuronal processes. These findings collectively indicate that inhibiting the 

SUMO pathway may promote aggregate clearance through a compensatory mechanism 

while preserving cellular integrity. 

SUMO inhibition causes the upregulation of macroautophagy. 

Studies have revealed previously that the inhibition of Hsp90 induces macroautophagy 

and reduces the formation of protein aggregates (Chaari et al., 2013; Riedel et al., 2010). 

Furthermore, components of macroautophagy including mTOR, LC3 and Beclin1 has 

been identified in DLB brain tissues and in cell models of PD (Cuervo and Wong, 2014; 

Moors et al., 2017; Yasuo et al., 2016). Moreover, it has been proposed that there is a 

reciprocal relationship between CMA and macroautophagy (Cuervo and Wong, 2014; 

Xilouri et al., 2013a) where in this case, the downregulation of SUMOylation and CMA 

may cause the upregulation of macroautophagy promoting the aggregate clearance. 

Therefore, we investigated the levels of the macroautophagic marker, specifically LC3b, 

in depolarised cells responding to SUMO inhibition. Immunofluorescence and western 
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analysis results revealed a distinct upregulation of LC3-positive autophagosomes and 

LC3b band demonstrating an upregulation of macroautophagy occurring in depolarised 

neuroblastoma cells in response to SUMO inhibition. This has also been observed in 

primary rat neurons where the levels of LC3-positive autophagosomes were increased in 

cultures with or without KCl depolarisation. It has been shown before that large protein 

aggregates are usually excluded from the UPS and proteasomal degradation and 

macroautophagy has been known to be more effective in clearing larger protein 

aggregates through its engulfment and digestion via the autophagolysosome. 

Furthermore, Wang and colleagues have demonstrated that the incomplete CMA leads to 

the promotion of protein aggregates which are subsequently removed from cells by 

macroautophagy in AD and related tauopathies (Wang et al., 2010). Therefore, the results 

here may also suggest that macroautophagy may be directly or indirectly compensating 

for the downregulation of SUMOylation and CMA to effectively clear large protein build-

up within cells. The findings here suggest that, if SUMOylation of proteins is tempered 

to a level that is appropriate in PD, it may be beneficial in re-routing these accumulating 

abnormal protein oligomers, towards an effective degradation pathway to provide a more 

protective outcome.  

Concluding remarks of SUMO inhibition in a PD cell model. 

 The findings of the current work that inhibiting SUMOylation provides the mechanistic 

link between GA treatment and the induction of macroautophagy, and that both potent 

SUMO inhibitors, GA and AA, result in a similar cell response where reduced 

SUMOylation may promote macroautophagy, is not conclusive. The reduced 

SUMOylation of Hsp90 would inhibit its interaction with the co-chaperone, Aha1, thus 

inhibiting Hsp90 function. Hsp90 inhibitors, such as geldanamycin, have been shown to 

induce macroautophagy. This may result from CMA inhibition and the reciprocal 

upregulation of macroautophagy or via effects on the mTOR signalling pathway. Other 
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effects of reduced SUMOylation may also influence macroautophagic activity. Yang and 

co-authors have demonstrated that SUMOylation of Vps34, a component of the 

autophagosome formation machinery, may also modulate macroautophagy (Yang et al., 

2013). In conclusion, this study incorporating the use of a PD model to investigate the 

SUMO pathway to SUMO inhibition suggests that Hsp90/CMA inhibition may have a 

role in the reciprocal upregulation of macroautophagy promoting aggregate clearance 

offering a therapeutic target for further research into modulating the SUMO pathway and 

its related counterparts associated with PD and other related neurodegenerative disorders 

(Chapter 5). 

Patient-derived olfactory neurospheres may reveal novel diagnostic markers for PD. 

A number of cell-based and gene therapy approaches have been employed in the hope of 

exciting discoveries for future PD treatments. However, long term protection and 

efficiency of these research advances remain as crucial challenges due to its driving forces 

of the multiple system neuronal degeneration outside of the nigrostriatal system causing 

the progression of this debilitating disease. As a result, there is an increasing need for the 

therapies that are neuroprotective through the identification of novel molecular targets, 

markers and pharmacological candidates for the detection of disease progression and 

subjects that would be at risk. Future studies of longitudinal large-scale healthy subjects 

are required to be able to define the sensitivity and specificity of the various PD risk 

markers for sufficient predictive value to begin interventional trials in PD risk populations 

(Olivier et al., 2011). Several research studies are advancing towards the understanding 

of important cellular pathways that are associated with cellular dysfunction and eventual 

cell death following abnormal protein handling protein dyshomeostasis for the 

identification of PD marker candidates for potential neuroprotective interventions for the 

pathogenesis of PD. In addition to utilising post-mortem brain tissue, cell models and 

animal models for PD research, applying iPSC work in creating iPSC-derived 
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dopaminergic neurons has been successful as a source of cell replacement therapy (Jung 

et al., 2012; Schapira et al., 2014). Recently, the human olfactory mucosa has been 

identified for its neurogenetic and neuro differential capacity in providing means for the 

examination of abnormal developmental pathways of neurodegeneration including PD 

(FŽron et al., 1998; Mackay-Sim, 2010). Chapter 6 investigates the differential SUMO 

responses in sixteen participants of 8 PD cases and 8 age-matched normal cases which 

were subsequently subjected to proteasome inhibition. The differences in SUMO-1 

expression, levels of SUMOylated lysosomes, Hsp90, SENP3 and ubiquitinated SENP3 

expression were investigated together with their response to proteasomal dysfunction.  

PD cell lines have higher levels of SUMOylated lysosomes, Hsp90 and SENP3. 

Findings here revealed distinctive responses in the SUMO pathway exhibiting an increase 

in SUMO-1 conjugates and SUMOylated lysosomes in PD hONs compared to normal 

controls. Upon proteasome dysfunction, both groups of hONs showed a significant 

increase in SUMO conjugation and SUMOylated lysosomes. These results support our 

previous findings demonstrating increased levels of SUMO conjugating proteins in 

disease pathology (Pountney et al., 2003; Wong et al., 2013). Previous research in the 

unilateral rotenone-lesioned mouse model where Weetman and co-authors reported an 

upregulation of SUMOylation to the treated compared to its control hemisphere in 

response to cellular stress (Weetman et al., 2013). SUMO conjugation has been identified 

in various neurodegenerative diseases where it has been proposed as a regulator in protein 

solubility. Elevated SUMOylation levels has shown to be protective against stress to the 

vicious cycle of toxicity (Krumova and Weishaupt, 2013). Previous studies have shown 

an increase in Hsp90-SUMO-1conjugate band in MG132-treated 1321N1 cells (Wong et 

al., 2013). The Hsp90 levels, particularly the Hsp90-SUMO-1 conjugate band was 

observed to be higher in PD hONs compared to age-matched normal controls and their 

levels were further upregulated in both groups of hONs under proteasomal dysfunction. 
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Studies have shown that the conjugation of SUMO to Hsp90 causes the recruitment of 

Aha1 co-chaperone which has been reported to promote aggregation in cells (Mollapour 

et al., 2014; Shelton et al., 2017a). These PD hONs harbouring higher levels of Hsp90 

compared to age-matched normal controls indicate that they may be subjected to the 

consequences of aging where the Hsp90 chaperone network has been known to suffer due 

to the lack of healthy chaperones available when compared to age-matched normal 

controls. Hsp90 has been known to have a strong association to the proteasome in 

maintaining its health and function by promoting aberrant proteins from accumulating by 

directing them towards the proteasome. Proteasomal dysfunction in PD hONs may have 

caused an enhanced upregulation of Hsp90 including the Hsp90-SUMO-1 band in both 

normal controls and PD hONs indicating the overload of the chaperone network within 

cells that are trying to combat this toxic insult.  

Krumova and colleagues have reviewed that stress enhances the SUMO pathway by 

activating deconjugating enzymes causing a bi-phasic shift of cellular SUMOylation 

depending on the level of stress that has been induced (Krumova and Weishaupt, 2013). 

Chapter 8 investigated the deconjugating enzyme SENP3 in PD hONs compared to age-

matched normal controls. Levels of ubiquitinated SENP3 conjugates were found to be 

elevated in PD hONs compared to normal controls. Overal levels of SENP3 were elevated 

in PD cell lines. PD hONs subjected to MG132 treatments showed an upregulation of 

SENP3. It is noteworthy to recognise that SENP3 functions as a deSUMOylase 

predominantly on SUMO2/3 conjugates, thus its upregulation is not contradictory to the 

increased levels of SUMO-1 conjugates in PD cell lines. Yan and colleagues 

demonstrated that the interplay between the E3 ubiquitin ligase, CHIP, and Hsp90 

associate alternatively to client proteins to make the decision between its stabilisation or 

degradation based on the redox state of the client protein (Yan et al., 2010a). It has also 

been shown that under stressful conditions SENP3 levels increase due to associating 
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SENP3-Hsp90 (Guo and Henley, 2014). It was also suggested that SUMOylation 

represents a crucial component of the unfolded protein response that is involved in the 

balance between cell survival and cell death (Guo and Henley, 2014; Senft and Ronai, 

2015).  

Proteolytic stress induces the formation of fewer protein aggregates in patient-derived 

olfactory neurospheres. 

The levels of thioflavin-T positive puncta were also investigated to determine if the 

proteasomal dysfunction causes the build-up of abnormal protein aggregates in both PD 

hONs cell lines and in age-matched normal controls. PD hONs and normal age-matched 

controls also exhibited an increase in the presence of amyloid proteins under proteasomal 

impairment confirming that the proteasome is essential for preventing intracellular 

abnormal protein build-up. Previous findings involving stereotactic rotenone injection 

into the medial forebrain bundle in adult and aged animal groups where ! -syn revealed 

several molecular weight species increased in the lesioned hemisphere with a greater 

relative increase of ! -syn in aged animals (Weetman et al., 2013). The findings confirm 

that the inhibition of the proteasome reduces protein solubility and enhances new 

pathological aggregates to form in these hONs in response to MG132 treatments. 

Regardless of the upregulation of SUMOylation and levels in Hsp90 which may attempt 

to combat the formation of aggregates, the available machineries may not be adequate 

enough to solubilise these aggregating proteins in response to proteasomal dysfunction. 

Interestingly, higher levels in amyloid protein species were observed in normal controls 

compared to the PD hONs. Several studies have indicated that aggresome formation takes 

place to solve the toxic insult caused by misfolded proteins. PD hONs may not be as 

effective in sequestering excess misfolded proteins into aggresomes compared to normal 

controls which may attempt to compartmentalise the newly forming protein aggregates at 

a higher frequency in response to proteasomal dysfunction. hONs cells do not express ! -
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synuclein endogenously. Therefore, it would be interesting to determine if ! -synuclein 

aggregation would be influenced similarly if ! -synuclein is experimentally expressed in 

patient derived PD or normal control hONs cells. 

Concluding remarks and potential therapeutic interventions for PD. 

Taken together, these results provide evidence that the components of the SUMO pathway 

may have potential use as biomarkers for PD prognosis and diagnosis in our ageing 

population through patient-derived hONs cells or other patient-derived cells, such as 

white blood cells. Since deriving hONs from PD patients is a procedure that is minimally 

invasive, specific SUMO-based markers for the early detection of PD pathogenesis could 

potentially be implemented. Regardless of this appealing approach to uncover PD at its 

early stages, further work would be required to determine its predictive diagnostic 

potential. These studies would include multiple biomarker detection in hONs from a large 

cohort of participants later in life, monitored longitudinally over a period of 5-10 years to 

unravel the various links between specific biomarkers, such as SENP3, associated with 

PD development. 
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Abstract: ! -Synuclein inclusion bodies are a pathological hallmark of several neurodegenerative 
diseases, including ParkinsonÕs disease, and contain aggregated ! -synuclein and a variety of 
recruited factors, including protein chaperones, proteasome components, ubiquitin and the 
small ubiquitin-like modifier, SUMO-1. Cell culture and animal model studies suggest 
that misfolded, aggregated ! -synuclein is actively translocated via the cytoskeletal system 
to a region of the cell where other factors that help to lessen the toxic effects can also be 
recruited. SUMO-1 covalently conjugates to various intracellular target proteins in a way 
analogous to ubiquitination to alter cellular distribution, function and metabolism and also plays 
an important role in a growing list of cellular pathways, including exosome secretion 
and apoptosis. Furthermore, SUMO-1 modified proteins have recently been linked to cell 
stress responses, such as oxidative stress response and heat shock response, with increased 
SUMOylation being neuroprotective in some cases. Several recent studies have linked 
SUMOylation to the ubiquitin-proteasome system, while other evidence implicates the 
lysosomal pathway. Other reports depict a direct mechanism whereby sumoylation reduced the 
aggregation tendency of ! -synuclein, and reduced the toxicity. However, the precise role of 
SUMO-1 in neurodegeneration remains unclear. In this review, we explore the potential direct 
or indirect role(s) of SUMO-1 in the cellular response to misfolded ! -synuclein in 
neurodegenerative disorders. 

  

OPEN ACCESS



Biomolecules 2015, 5 1698 
 

 

Keywords: alpha-synuclein; ParkinsonÕs disease; SUMO; multiple system atrophy; 
neurodegeneration; autophagy 

 

1. Introduction 

1.1. ParkinsonÕs Disease 

ParkinsonÕs disease (PD) is characterized by widespread intracellular inclusion bodies (Lewy bodies), 
composed largely of aggregates of the protein ! -synuclein. Although the current evidence indicates that 
Lewy bodies are part of a protective cell response, namely the aggresome pathway, the cytotoxicity of 
abnormal soluble ! -synuclein aggregates is implicated as a key factor causing cell death. The causes of 
! -synuclein aggregation are at present unclear; however, oxidative stress, post-translational modifications, 
calcium dyshomeostasis and proteolytic stress are key factors leading to the formation of cytotoxic  
! -synuclein species [1Ð3]. Indeed, intracellular ! -synuclein aggregates are found in a variety of other 
neurodegenerative diseases, including multiple system atrophy and dementia with Lewy bodies, the  
so-called ! -synucleinopathies, and are believed to form by a process involving the active translocation 
of soluble protein micro-aggregates along the microtubule network to converge on the microtubule 
organizing centre (MTOC/centrosome) [4Ð7]. Multiple modes of ! -synuclein toxicity have been 
demonstrated, including membrane permeabilization by annular oligomers, binding to and inhibition of 
components of the 26S proteasome, inhibition of both macro- and micro-autophagy and the action of 
extracellular aggregates causing astrocyte and microglial activation [8Ð10]. The precise mechanisms are 
reviewed elsewhere [8,11]. Indeed, the sequestration of soluble cytotoxic ! -synuclein species into 
filamentous aggresomes, although initially cytoprotective, might eventually also become toxic via the 
process of Lewy body maturation [12]. Moreover, reversal as well as prevention of ! -synuclein aggregation 
may offer cytoprotection in ! -synucleinopathy [13]. Aggresomes can be formed in neural cell culture 
under various conditions that result in the abnormal aggregation of cellular proteins and comprise 
amyloid-like ! -synuclein filaments and a variety of recruited factors, including protein chaperones, 
proteasome components, ubiquitin, and recently, neuropathological inclusion bodies have been found to 
accumulate the small ubiquitin-like modifier-1, SUMO-1 [14,15]. Punctate SUMO-1-positive structures 
occurring as small (<1 µM) domains within pathological protein inclusions bodies and/or punctate 
SUMO-1 cytoplasmic staining in close proximity to inclusions is typical of the immunohistochemical 
distribution of SUMO-1 in a range of neurodegenerative disease pathologies. SUMO-1 has been found 
to be associated with both cytoplasmic inclusion bodies, such as Lewy bodies, in dementia with Lewy 
bodies and also with intranuclear inclusion bodies, such as polyglutamine aggregates, in HuntingtonÕs 
disease and hereditary ataxias. Recent studies have suggested that there may be both direct and indirect 
links between SUMOylation and neurodegenerative disease pathology and the cell response to protein 
misfolding and aggregation. Thus, numerous aggregation-prone proteins linked to different diseases, 
including ! -synuclein, have been shown to be SUMO substrates, suggesting a direct involvement in 
modulating protein solubility. Whereas, the identification of links between SUMO-1 and autophagy 
indicate that there may be indirect involvement in the cellular systems that tackle protein aggregate 
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toxicity. In this review, we evaluate a range of factors that could provide links between SUMOylation 
and the toxicity of ! -synuclein aggregates in neurodegeneration. 

1.2. SUMO-1 

SUMO, the Small Ubiquitin-like MOdifier, similar to ubiquitin, covalently conjugates to lysine 
residues in a wide range of substrate proteins, modulating the functional properties of the modified 
protein. Substrate proteins together with their binding properties can also be altered through the action 
of the SUMO pathway. There are three non-exclusive ways that this can be facilitated. SUMO modification 
can inhibit the binding site of a protein that interacts with the substrate protein by blocking the interaction 
site. Covalently attached SUMO could act as a hub for interaction by recruiting other binding partners. 
A conformational change in the SUMOylated substrate protein can modify its activity or expose previously 
marked binding sites [16,17]. As with ubiquitination, the mechanism of SUMOylation requires the 
coordinated actions of E1 (SUMO-activating), E2 (SUMO-specific conjugating, Ubc9) and, in most 
cases, E3 (SUMO ligase, e.g., PIAS3) enzymes that target recognition sequences within the target protein 
to covalently attach SUMO via C-terminal glycine to specific substrate lysine residues. 

 

Figure 1. Steps in the SUMOylation of target proteins. SUMO-1 modification of substrate 
protein requires cleavage of the pro-protein and the action of E1, E2 and E3 enzymes. Specific 
inhibitors, ginkgolic acid/anacardic acid and spectinomycin can block E1 and E2 enzymes, 
respectively. SUMOylation of Hsp90 may modulate chaperone-mediated autophagy. 

Reports have found supporting evidence that SUMO may be neuroprotective. Experiments proposed 
that overexpressing SUMO could increase cell survival under cellular stresses such as oxygen and glucose 
deprivation. Consequently, the knockdown of SUMO expression has proven deleterious, which provides 
strong evidence for a neuroprotective role for SUMO. Moreover, SUMO upregulation can protect against 
oxidative stress in ischemia-reperfusion. However, in diseases characterized by hyper SUMOylation of 
target proteins, down regulating SUMOylation of those proteins could be useful. Therefore, it is not 
surprising that the dysregulation of the SUMO pathway has been associated with neurodegenerative 
disorders [16Ð18]. The detailed biochemistry of SUMOylation has been discussed in several recent 
reviews [14,15,19Ð22]. Of the four mammalian SUMO isoforms identified, we will focus here on the 
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SUMO-1 isoform that has been found associated with pathological inclusion bodies in several 
neurodegenerative diseases. Thus, unlike the SUMO-2/3 isoforms, SUMO-1 does not form polymeric 
SUMO-1 chains and does not have a large unconjugated cellular pool. The consequences of SUMOylation 
are context-specific, interacting across diverse intracellular pathways, including transcriptional regulation, 
mitochondrial fission and protein degradation, with recent studies implicating SUMO modification of 
the chaperone, Hsp90, in the protein refolding and autophagy-lysosome pathways [23,24]. Figure 1 
illustrates the steps in SUMO-1 modification, illustrating Hsp90 as the target protein and specific inhibitors 
that can block the action of the E1 and E2 enzyme activities. 

2. Potential Roles of SUMO-1 in ! -Synuclein Aggregation, Degradation and Neuroprotection 

2.1. SUMO-1 in ! -Synuclein Disease 

Central to the cytotoxicity of ! -synuclein in disease pathogenesis is the accumulation of  
aggregated or oligomeric forms of the protein due to aberrant protein folding. The major pathological 
hallmark of PD is the presence of Lewy bodies with the major constituent being accumulated aggregated 
forms of the ! -synuclein protein [4,6]. Thus, SUMOylation can impinge on the aetiology of  
! -synucleinopathy in one of two ways, either by modulating the propensity of ! -synuclein to aggregate 
or by affecting the action of the cellular degradative machinery in clearance of ! -synuclein aggregates, 
or indeed by a combination of both. SUMO-1 was first reported to be colocalised with pathological 
intranuclear protein aggregates in human neurodegenerative diseases [25]. Figure 2 (bottom panels) 
illustrates intranuclear inclusion bodies (white arrows) immunopositive for SUMO-1 (brown) in cortical 
tissue sections from HuntingtonÕs disease, Machado Joseph disease/spinocerebellar ataxia type-3 
(MJD/SCA3) and neuronal intranuclear inclusion disease (NIID). SUMO-1 was then found to be 
associated with ! -synuclein immunopositive inclusion bodies in cases of multiple system atrophy and 
dementia with Lewy bodies, where small subdomains within the inclusion body structures were 
immunolabelled for SUMO-1 [26]. Figure 2 (top panels) shows the characteristic punctate features 
(arrowheads) with SUMO-1 immunofluorescence (green) observed in the glial cytoplasmic ! -synuclein 
inclusion bodies of multiple system atrophy and the cortical Lewy bodies of dementia with Lewy bodies. 
It is noteworthy that the SUMO-1 positive puncta are clustered in regions of the inclusion bodies with 
relatively little ! -synuclein immunoreactivity, similarly to that observed for the glial tau inclusion bodies 
of progressive supranuclear palsy shown for comparison. SUMO labelling of Lewy bodies in ParkinsonÕs 
disease tissue was subsequently demonstrated by Kim and co-workers, who also showed that SUMO was 
recruited to ! -synuclein inclusions induced by proteasome inhibition in cultured cos-7 cells [27]. 
Immunocapture studies then revealed that SUMO-1 was associated with several proteins (NSF, dynamin, 
Munc18 and Hsp90) in preparations of pathological inclusion bodies with mechanistic links to the 
endomembrane system [28]. More recently, SUMO-1 was found to be associated with lysosomes and 
Hsp90 in glial protein aggregate diseases, including the ! -synucleinopathy, multiple system atrophy [24]. 
Thus, in human diseased tissue, SUMO-1 conjugated to Hsp90 was found to be associated with lysosomes 
or lysosome remnants clustered around or embedded in ! -synuclein inclusion bodies, indicating a link to 
the autophagy response, rather than being directly conjugated to ! -synuclein itself. Furthermore, the 
SUMOylation status was investigated in a unilateral oxidative stress mouse model of ! -synuclein disease, 
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whereby Western analysis of the brain homogenates showed statistically significant increases of both 
SUMO-1 and ! -synuclein in the lesioned hemisphere compared to the un-lesioned hemisphere. Furthermore, 
SUMO was found to be associated with lysosomes clustered around ! -synuclein intracellular inclusion 
bodies in both mouse and rat models and isolations of lysosomes from the mouse brain homogenates 
indicated increased SUMOylation of Hsp90 in the lesioned hemisphere as compared to the un-lesioned 
hemisphere [24,29]. Figure 3 illustrates the pronounced SUMO-1 immunofluorescence of lysosomes 
(arrowheads) marked by cathepsin D (CatD) in multiple system atrophy and rotenone rat ! -synucleinopathy 
model tissue sections found associated with ! -synuclein inclusion bodies (arrows). Moreover, an in vitro 
study investigated the direct effects of SUMOylation on the aggregation susceptibility of ! -synuclein. 
The study revealed that SUMOylation of a small portion of ! -synuclein was adequate to avoid its 
aggregation [30]. In agreement with these in vitro experiments, cell culture studies have revealed that 
SUMO deficient ! -synuclein exacerbated aggregation, causing detrimental increases in cellular toxicity [31]. 
Taken together, these latter studies suggest a potential neuroprotective role for SUMO in maintaining 
the solubility of ! -synuclein [32], although SUMOylation of ! -synuclein by the human polycomb protein 
has also been found to promote inclusion body formation [33]. Besides modulating the propensity of  
! -synuclein to aggregate and clearance of ! -synuclein aggregates so as to inhibit degeneration, the reversal 
of ! -synuclein aggregation by upregulating molecular chaperones to restore protein homeostasis 
(proteostasis) may also impinge on ! -synucleinopathy, as this strategy is able to reverse degeneration [10,13]. 

2.2. SUMO-1 in ! -Synuclein Aggregate Clearance 

Intracellular mechanisms for the clearance of aberrantly folded proteins include two proteolytic 
pathways: The autophagy-lysosome pathway and the ubiquitin-proteasome system (UPS), both of which 
have potential roles for the SUMO-1 modification. While autophagy is a Òself-eatingÓ mechanism essential 
for selective/non-selective protein turnover, often of long-lived proteins, the UPS facilitates selective and 
rapid proteolysis of short-lived proteins via ubiquitination. Together, these pathways aid stress adaptation 
and maintain proteostasis in the cell. In UPS, degradation is ubiquitin-dependent and occurs at the 26S 
proteasome, an organelle consisting of a barrel-shaped 20S proteolytic core capped at both ends by the 
19S regulatory subunits. Ubiquitin is capable of forming polyubiquitin chains at seven different lysine 
residues: K-6, K-11, K-27, K-29, K-33, K-48 and K-63. Client proteins for proteasomal degradation are 
marked by Òsubstrate-specificÓ ubiquitin E3 ligases, such as CHIP (carboxy terminus of Hsc70 interacting 
protein), Parkin, etc., via covalent polyubiquitination linked through K-48 residues. These ubiquitin 
multimers are recognised by the polyubiquitin binding receptors (Rpn10/Rpn13) of the 19S regulatory 
particles and de-ubiquitinated. Following this, the ATPase component of the 19S mediates substrate 
unfolding, 20S gate opening and substrate channelling into the 20S core for proteolysis. Finally, the peptide 
bonds of the client proteins are hydrolysed by the " -type subunits of 20S that possess caspase-like, 
trypsin-like and chymotrypsin-like activitites. Multiple factors affect UPS degradation. The prime  
rate-limiting factor is the substrate unfolding step, which is indispensable for allowing entry into the 
narrow 20S chamber. Hence, it is possible for large protein aggregates of the neurodegenerative diseases 
that cannot unfold to block this pathway. Multiple shuttling factors that deliver polyubiquitinated proteins 
via multiple direct and indirect routes have also been observed. Most factors contain a Òubiquitin-likeÓ 
domain (UBL/UBX) at the N-terminus that binds the 26S proteasome and a Òubiquitin-interacting motifÓ 
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(UIM) or Òubiquitin-associatedÓ domain (UBA) at the C-terminus that binds polyubiquitinated proteins 
e.g., p62/sqstm1 (sequestome 1) protein, Rad23, DSK2, etc. Alternatively, some ubiquitin E3 ligases, 
e.g., Parkin, CHIP and VHL (von Hippel Lindau), possess their own UBL domains, or interact with 
proteins that have UBL domains, for proteasome binding. In addition, some of these shuttling factors are 
reported to deliver proteins to VCP (valosin-containing protein)/p97/Cdc48 complexes for unfolding 
prior to their delivery to proteasomes [34Ð38]. 

 

Figure 2. SUMO-1 is found in both intracytoplasmic and intranuclear protein inclusion 
bodies in neurodegenerative diseases. (top) Immunofluorescence of isolated Lewy bodies 
from dementia with Lewy bodies brain tissue (arrow) contain punctate SUMO-1 immunopositive 
domains (arrowheads). Multiple system atrophy glial cytoplasmic ! -synuclein inclusion 
(GCI, arrow) body with associated nucleus shows SUMO-1 domains (arrowheads) surrounding 
the aggregated ! -synuclein (For details see [26]). Progressive supranuclear palsy perinuclear 
glial tau inclusion bodies (large arrow) are decorated with SUMO-1 domains (arrowheads) 
(For details see [24]). (Bottom) Intranuclear neuronal inclusion bodies (arrows) in HuntingtonÕs 
disease and spinocerebellar ataxias (NIID, MJD/SCA3) immunostain intensely for SUMO-1 
(For details see [25]). 
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In autophagic proteolysis, recruitment of aggregated/misfolded proteins occurs into lysosomes with 
subsequent digestion in the lysosomal lumen. Depending on the mode of cargo delivery, autophagy has 
been differentiated to three sub-types: Microautophagy, macroautophagy and chaperone-mediated autophagy 
(CMA). In macroautophagy, cargo is enclosed by a double-membraned vesicle called the autophagosome 
that fuses with the lysosome for digestion, whereas, in microautophagy, cargo is directly engulfed by the 
invagination of lysosomal membrane. In CMA, cargo is actively transported into the lysosomal lumen 
for proteolysis after client proteins are recognized by the cytoplasmic chaperone (Hsc70/heat shock 
cognate70) [39]. Upon recognition, modulatory co-chaperones BAG1, HIP, HOP and Hsp40 along with 
Hsc70 target these proteins to the lysosomal surface. But lysosomal entry is permitted only to those 
substrates that are capable of complete unfolding, similar to the UPS process. Translocation across the 
lysosomal membrane into the lumen is facilitated by LAMP-2A (lysosome-associated membrane protein 
type 2A) and the luminal forms of Hsc70 (lys-Hsc70) and Hsp90 (lys-Hsp90) [39,40] and can be inhibited 
by ! -synuclein mutants and aggregates [41] . Moreover, ! -synuclein is also implicated in the inhibition 
of macroautphagy via interaction with rab1a [42,43]. Emerging evidence indicates that micro- and 
macroautophagy can also selectively target specific organelles or protein aggregates (aggrephagy) for 
degradation (reviewed in [38,44]). Surprisingly, ubiquitination is found to act as a recognition signal for 
selective autophagy as well (reviewed in [35,45]). In this context, it is noteworthy that the topology of 
ubiquitin linkage, particularly K-63-linked polyubiquitin, has significance in both inclusion body 
formation and/or subsequent clearance in several neurodegenerative disorders [46Ð48]. In selective 
autophagy of protein aggregates, i.e., aggrephagy (see Figure 4), the key molecular players identified to 
date are p62/sqstm1, NBR1 (neighbour of Brca1 gene), LC3 (microtubule-associated protein 1 light chain 3) 
and HDAC6 (histone deacetylase 6). A multi-functional protein, p62, harbours multiple protein-protein 
interaction domains. Therefore, in addition to functioning as a shuttling factor of polyubiquitinated proteins 
for proteasomal degradation (as mentioned earlier), p62 also modulates formation of aggregates [49] and 
aggresomes [50] and promotes their autophagic clearance [48Ð50]. The autophagic degradation mediated 
by p62 is said to be selective due to its preferential binding of K-63-linked polyubiquitinated proteins [48] 
and recruitment of the autophagosomes via interacting with LC3 [51]. LC3 is an essential component of 
the autophagosomal membrane and is conjugated to phosphoethanolamine (PE) during the formation of 
autophagosomes [52]. Thus, p62 acts as an adaptor protein between aggregated protein and autophagosomes. 
The identification of other p62-like proteins, e.g., NBR1 [53] and Nix [54], has led to the recognition of 
a LC3-interacting (LIR) motif as being responsible for the specific recruitment of autophagosomes to protein 
aggregates [35,55]. HDAC6, a microtubule-associated deacetylase, is suggested to act downstream of p62 in 
this pathway [45]. Interestingly, HDAC6 is reported to act at two stages. First, it enhances aggresome 
formation via simultaneously binding K-63-linked polyubiquitinated proteins and dynein motors to 
retrogradely transport misfolded proteins along the microtubules to the aggresome [56,57]. Enhanced 
aggresome formation by HDAC6 has been observed in PD. Second, it controls the autophagosome-lysosome 
fusion by recruiting the required actin-remodelling machinery [58]. In fact, a deficiency of HDAC6 can 
result in protein aggregate build-up and neurodegeneration while the presence of HDAC6 can confer 
neuroprotection by facilitating autophagic degradation of toxic proteins [59,60]. 
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Figure 3. SUMO-1 marks lysosomes in ! -synuclein inclusion body bearing cells in multiple 
system atrophy and rotenone rat ! -synucleinopathy model tissue. Immunofluorescence triple 
labelling for SUMO-1, the lysosome marker, CatD, and ! -synuclein reveals frequent 
colocalization of SUMO-1 with lysosomes (arrowheads) in close proximity to ! -synuclein 
inclusion bodies (arrows) [24]. 

SUMO-1 has been identified to specifically co-localize with lysosomes and in ! -synuclein  
aggregate-bearing cells in a human glial cell culture model under proteasome inhibition [24]. Although 
the lysosomal and proteasomal proteolysis pathways were previously thought to function independently, 
recent evidence indicates the existence of specific mechanisms for collaborative functioning between 
selective autophagy pathways and proteasomal degradation, especially in the event of toxic accumulation 
of protein aggregates. This crosstalk is considered to be made possible by the dual role of ubiquitination 
which acts as the protein degradation signal for both UPS and the selective mode of macroautophagy [35,45]. 
However, the roles of other post-translational modifiers like acetylation, SUMO, etc. have been overlooked. 
Increased acetylation of a lysine residue in Htt has been reported to facilitate enhanced macroautophagic 
clearance and thereby reverse toxicity in cellular and transgenic models of HD [49,61]. Similarly, the 
SUMO post-translational modification is found in the inclusion bodies and reported to associate with 
neurodegenerative disease-specific proteins to produce substrate-specific effects. SUMO has also been 
observed to associate with and/or functionally modulate several key players of proteasomal as well as 
lysosomal pathways (discussed below). Furthermore, clustering of SUMO-1-positive lysosomes within 
and around pathological protein inclusion bodies in MSA and PSP has recently been observed. Figure 3 
shows examples of lysosomes that are either embedded in or surround ! -synuclein intracytoplasmic 
aggregates in MSA and rat model tissue, respectively. SUMO-1 was also found to be associated with 
lysosomes in cellular models of ! -synucleinopathy, tauopathy and polyglutamine disease [24]. These 
findings suggest that SUMO may play a direct and/or indirect role in the cellular response to ! -synuclein 
misfolding and aggregation in neurodegenerative diseases. In an attempt to define the molecular aspects of 
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this mechanism, we have surveyed the existing literature for links to the potential roles of SUMO in the 
cell response to aggregated ! -synuclein, summarized in Figure 4 and below. 

 

Figure 4. Mechanistic model for the role of SUMO-1 in protein misfolding. SUMO-1  
post-translational modification of target proteins can modulate ! -synuclein aggregation, 
refolding and aggregate clearance. SUMOylation of one or more of the potential substrate 
proteins illustrated in a variety of cellular pathways associated with protein aggregation 
(Hsp90, HDAC6, p97/VCP, TRAF6, ARF, Parkin, ! -synuclein) could link SUMO-1 to the 
cellular response to aggregated ! -synuclein in neurodegenerative disease. See text for details. 

2.3. ! -Synuclein and SUMOylation 

! -Synuclein is a 14kDa protein encoded by the SNCA gene that is highly conserved in vertebrate 
species. Although the exact role of ! -synuclein remains unclear, the protein is primarily localised to 
presynaptic terminals of dopaminergic neurons [62] and is thought to be involved in neurotransmitter 
vesicle recycling and dopamine neurotransmission through interaction with soluble NSF attachment 
protein receptor (SNARE) [63]. ! -Synuclein has been shown to interact with membranes [64] and function 
as a SNARE associated protein mediated by Rab3a [65]. Interestingly, Krumova et al. have shown recently 
that SUMOylation of ! -synuclein in vitro results in a less aggregation-prone protein. In animal model 
studies, neuron-specific expression of the SUMO-2 isoform was shown to cause ! -synuclein 
SUMOylation and mutation of lysine residues in the hydrophobic NAC domain that can be SUMOylated 
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was found to reduce the toxicity of ! -synuclein when over-expressed in rat brains from a neuron-specific 
viral vector [31]. Moreover, Kim et al. 2011 have shown recently that COS-7 cells transfected with  
! -synuclein, treated with MG-132 for 18 h had SUMO-1 staining of perinuclear ! -synuclein inclusion bodies 
and SUMO-1 granules clustered nearby [27]. When subjected to anti-! -synuclein, IP SUMO-1-positive 
bands were detected in the transfected COS-7 cell extracts and blocking SUMOylation did not inhibit 
ubiquitination. Interestingly, SUMO-2 has also been implicated in the regulation of exosome mediated 
! -synuclein secretion, which may have relevance to the proposed prion model of disease spread in  
! -synuclein disease [66]. Although direct SUMOylation of ! -synuclein was not detected in IP of purified 
pathological aggregates [24], this does not necessarily contradict the cell culture model studies, as SUMO 
modification would be expected to confer resistance to aggregation. 

2.4. Chaperones, Co-Chaperones and Adaptor Proteins 

Several chaperone and co-chaperone proteins, such as Hsc70, Hsp70, Hsp90 and Hsp40, play important 
roles in the protein degradative and protein misfolding/ aggregation response pathways, as mentioned 
previously, several of which interact with the SUMOylation cascade. Indeed, Balch and co-workers 
recently proposed the existence of the chaperone-rich quinary- or Q-body cytoplasmic compartment to 
participate in the decision between degradation or refolding (Figure 4; [67]). At the substrate level, 
several adaptor proteins are found to function in both UPS and autophagy pathways, where some proteins 
decide the catabolic route to be taken by the misfolded/aggregated protein. For instance, Parkin and VCP 
mediate both UPS and aggresome formation, while the BAG1/BAG3 ratio and CHIP select between 
autophagic and proteasomal degradation [34,44]. 

2.4.1. Hsp90 

Hsp90 is a multifunctional protective chaperone protein that is involved in the folding, re-folding and 
disaggregation of a diverse range of proteins as mentioned above. Indeed, Hsp90 inhibition can reduce 
! -synuclein aggregates by inducing macroautophagy [68]. Other important functions of Hsp90 include 
the maintenance of tertiary structure and ATP-ase activity of the proteasome, activation of protein kinases, 
activation of heat shock factor, etc. This functional diversity and specificity of Hsp90 is made possible 
by its conformational flexibility and dynamic association with various co-chaperone complexes. Wong 
and co-workers have shown recently that Hsp90 co-localized with SUMO-1 in ! -synucleinopathy and 
tauopathy diseases and cell culture models [24]. Moreover, SUMOylation of Hsp90 at the N-terminus 
has been shown to promote recruitment of the Aha1 co-chaperone [23]. Furthermore, a screening study 
has identified Cdc37, a Hsp90 co-chaperone that is important for some autophagy pathways, is constitutively 
SUMOylated in vivo [69]. Thus, SUMOylation of lysosomal Hsp90, residing in the lysosomal lumen, 
may be important for its function in chaperone-mediated autophagy. 

2.4.2. HDAC6 

At the regulatory level, inhibition or impairment of UPS stimulates autophagy via HDAC6-dependent 
mechanisms [61,70]. HDAC6 has a dual role in autophagy in aggresome formation [56,57] and autophagosome 
maturation [58] and hence this protein is essential for the successful completion of the autophagic 
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process. HDAC6 is also important for mitophagy [71,72] and regulation of the ATP-dependent activity 
of Hsp90 [73]. Given that, SUMOylation can modulate the activities of other histone deacetylases like 
HDAC1 [74] and HDAC2 [75], it could possibly regulate HDAC6 activity in a similar manner. In fact, 
an in vitro assay has revealed HDAC6 SUMOylation by SUMO-1 and SUMO-2 [76]. Furthermore, 
SUMO-dependent recruitment of HDACs by specific proteins has also been demonstrated [74,75,77,78], 
although the mechanisms of this molecular specificity remain unclear. SUMO-dependent recruitment  
of HDAC6 is so far reported only by p300 protein [77]. Pharmacologic HDAC inhibitors induce 
hyperacetylation of Hsp90 and dissociate client proteins from the chaperone, leading to their degradation 
by the ubiquitin-dependent proteasomal pathway [77,79]. These studies highlight the fact that both general 
inhibition of HDACs and specific knockdown of HDAC6 can alter cytoplasmic-based processes [80,81]. 
Moreover, HDAC6 is found to accumulate in both Lewy bodies and ! -synuclein glial cytoplasmic 
inclusions [82]. 

2.4.3. VCP 

VCP (P97) is a ubiquitin-selective chaperone that functions to disassemble protein complexes. Thus, 
shuttling factors of the UPS deliver client proteins to VCP for unfolding prior to delivering them to the 
proteasome [83]. Recently, it has been proposed that a balance between HDAC6 and VCP determines 
the fate of ubiquitinated proteins because VCP promotes proteasome-mediated protein degradation while 
HDAC6 stimulates aggresome formation via accumulating ubiquitinated proteins [84]. Nevertheless, 
aggresome formation was found to be impaired in VCP mutant cells and rescued by the expression of 
HDAC6 [85]. This suggests an interaction between HDAC6 and VCP is necessary for proper aggresome 
formation. Furthermore, VCP has been found to play a role in autophagosome maturation, which was 
first identified in mammalian cells. Mutants of p97 exhibit an upregulation of the autophagosomal markers, 
p62 and LC3II. Upon nutrient starvation-induced macroautophagy, cells expressing decreased p97 fail to 
degrade LC3II, demonstrating that p97 activity is required for the fusion of the autophagosome-lysosome, 
the formation of the autophagolysosome and eventually protein degradation [86]. Furthermore, VCP 
binds to SUMOylated targets and has been speculated to disassemble SUMO-stabilized protein assemblies, 
playing a role in SUMO-targeted ubiquitin-mediated degradation by the UPS [87]. 

2.4.4. Parkin 

Recent studies by Um et al. [88] have shown that the PD-linked E3 ligase, Parkin, that mediates K-63 
ubiquitination associated with the aggresome pathway undergoes functional modulation through physical 
interaction with SUMO-1. Furthermore, Parkin-mediated K-63 ubiquitination was also found to be 
associated with NF#B signalling under cellular stress conditions, a pathway recently linked to non-selective 
macroautophagy of mitochonchondia (mitophagy) [89]. Moreover, Parkin-directed ubiquitination of 
mitochondrial surface proteins in concert with PINK1 and ! -synuclein has been shown to target damaged 
mitochondria for macroautophagy [90,91]. Indeed, ubiquitin-like modifiers may play a more general 
role in mediating interactions between cargo and selective macroautophagy receptors, such as p62, and 
engaging the autophagosome nucleation machinery [92]. 
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2.4.5. TRAF6 

Tumor necrosis factor-receptor associated factor 6 (TRAF6) is a RING-finger protein that acts as an 
E3 ubiquitin ligase. It is a common player in genetic and sporadic PD and a potential coordinator of the 
activation of autophagy and UPS [93]. TRAF6 binds misfolded mutant DJ-1 and ! -synuclein. Interestingly, 
rather than conventional K-63 assembly, TRAF6 promotes atypical ubiquitin linkage formation to both 
PD targets that share K-63-, K-27- and K-29- mediated ubiquitination. Importantly, TRAF6 stimulates 
the accumulation of insoluble and polyubiquitinated mutant DJ-1 into cytoplasmic aggregates. In human 
post-mortem brains of PD patients, TRAF6 protein colocalizes with ! -synuclein in LBs [94]. TRAF6 is 
an adaptor/scaffold protein that mediates several important signalling pathways, including the tumor 
necrosis factor-R:NF-#B pathway, involved in immune surveillance and inflammation. TRAF6 resides not 
only in the cellular cytoplasm but is also found in the nuclei of both normal and malignant B lymphocytes. 
TRAF6 does not possess a nuclear localization signal but enters the nucleus through the nuclear pore 
complex containing RanGap1. Nuclear TRAF6 is modified by SUMO-1, interacts with HDAC 1, and 
represses c-Myb-mediated transactivation [95]. Of the SUMO proteins, only SUMO-1 contains a nuclear 
localization signal that functions by transporting the cargo protein into the nucleus. Interestingly, 
SUMOylation of " -arrestin 2 attenuates binding to TRAF6, enhancing TRAF6 oligomerization and 
autoubiquitination [96]. The adaptor protein p62 is also found to contain a binding site for TRAF6 [34]. 

2.4.6. CHIP 

Hsp90 and the co-chaperone/ubiquitin ligase carboxyl terminus of Hsc70-interacting protein (CHIP) 
control the turnover of client proteins. CHIP is a RING-finger protein that acts as an E3 ubiquitin ligase 
and directs K-11 polyubiquitination. Upon complexation with BAG1 and Hsc70, CHIP polyubiquitinates 
BAG1, leading to proteasomal degradation (Figure 4) [97]. The ubiquitin ligase activity of CHIP resides 
in its U-box domain, while its interaction with the molecular chaperones Hsc70-Hsp70 and Hsp90 is via 
its TPR domain. A recent study provides evidence that the phosphorylation of the C-terminal region of 
both Hsp70 and Hsp90 is critical for the decision between folding and degradation of substrate proteins 
by the alteration of CHIP [98]. Thus, CHIP can act as a biomolecular switch between the folding-refolding 
and proteolytic pathways. In fact, a similar role for CHIP is observed in A"  metabolism [99]. In addition, 
by ubiquitination of tau, CHIP appears to ameliorate the formation of tau neurofibrillary tangles associated 
with AlzheimerÕs disease pathology [100]. A recent study reports redox regulation of the SUMO2/3-specific 
de-SUMOylating protease (SENP3) by CHIP via cross-interaction with Hsp90 [101]. Thus, upon mild 
oxidative stress, Senp3 is protected from CHIP-mediated ubiquitination and degradation, which results 
in elevated levels of Senp3. Although a similar mechanism is yet to be delineated for SUMO-1, the 
overall SUMOylation level in cells or SUMOylation of specific target proteins is likely modulated by 
the complex interplay of SUMOylating and deSUMOylating enzymes and accessory factors. 

2.4.7. P53 and ARF 

Both p53 and ARF proteins that work cooperatively in their tumour-supression function have recently 
been reported to play roles in the induction of macroautophagy [102]. ARF (alternative reading frame) 
protein is generated by alternate splicing from the INK4 locus and is capable of both SUMOylation and 
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K-63 polyubiquitination. ARF is reported to trigger SUMOylation of MDM2 and nucleophosmin [103], 
whilst nucleophosmin may sequester ARF in the nucleolus, preventing it from inhibiting MDM2.  
Studies have shown that the SENP3 and ARF are co-antagonistic in regulating the SUMOylation of 
nucleophosmin [104]. ARF also promotes K-63 polyubiqutination of COMMD1 and thereby directs it 
for proteasomal degradation [105]. ARF overexpression has also been shown to induce SUMOylation 
in human colon cancer cells. Furthermore, ARF showed specific interactions with the E2 SUMO ligase 
(Ubc9) making connections with target proteins indicating that ARF may act as an effective E3 SUMO 
ligase [106] and ARF-mediated induction of macroautophagy was dependent on cytoplasmic Hsp70 
binding [107]. Interestingly, PUMA-independent macroautophagy induction by p53 is dependent on 
PIASy-mediated SUMOylation that also promotes increased p53 cytoplasmic localization [108]. 

3. Therapeutic Implications of SUMO Modulation of Selective Autophagy for Neuroprotection 

SUMO-1 impinges on a number of different pathways related to protein folding/misfolding, the 
ubiquitin-proteasome system and the autophagy-lysosome system that could modify the toxicity of  
! -synuclein, either by direct SUMOylation of ! -synuclein or indirectly by SUMOylation of factors, such 
as Hsp90. Figure 4 summarises the various pathways implicated for SUMO modification in the response 
to ! -synuclein aggregates. We know that cross-talk between pathways enables selective and efficient 
degradation of specific proteins and organelles, and thereby enhances the ability of cells to cope with 
starvation, stress and pathological conditions. Hence, potentially the most effective therapeutic approach 
to alleviate the toxic burden caused by ! -synuclein misfolding and/or aggregation would be to promote 
proteolysis in an efficient, yet specific manner. Of the different cellular mechanisms to eliminate toxic 
! -synuclein aggregates, the best route for therapeutic intervention would likely be the selective 
macroautophagy pathway, as pathologic aggregates are known to impair or inhibit both the UPS [109] 
and CMA [41] pathways due to the prerequisite unfolding step prior to degradation. Indeed, recent 
studies suggest that dysregulation of CMA occurs before substantial ! -synuclein aggregation in  
PD [110]. Given the interplay between SUMOylation and ubiquitination and the specific effects they 
exert on both neurodegenerative disease and autophagy-lysosome pathway proteins, SUMOylation could 
be specifically modulated to influence the functions of multiple proteins and produce a protective 
outcome. It will be interesting to determine, for example, if inhibition of SUMOylation could inhibit the 
early chaperone-mediated autophagy response and if this might reciprocally upregulate macroautophagy 
and even modulate ! -synuclein toxicity. 

4. Conclusions 

It is clear that SUMO-1 can modulate a number of key pathways influencing the formation and 
clearance of potentially cytotoxic ! -synuclein species. Further studies are required to determine whether 
direct SUMOylation of ! -synuclein or SUMOylation of other proteins is the dominant mechanism 
affecting the pathogenesis of ! -synucleinopathy. 
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A B S T R A C T

Protein  homeostasis  is essential  for  the  wellbeing  of  several cellular  systems. Post-translational
modi ! cations  (PTM) coordinate  various  pathways  in  response to  abnormal  aggregation  of  proteins  in
neurodegenerative  disease states. In  the  presence of  accumulating  misfolded  proteins  and toxic
aggregates, the  small  ubiquitin-like  modi ! er (SUMO) is associated with  various  substrates,  including
chaperones and other  recruited  factors,  for  refolding  and for  clearance via  proteolytic  systems, such as the
ubiquitin-proteasome  pathway  (UPS), chaperone-mediated  autophagy  (CMA) and macroautophagy.
However,  these pathological  aggregates are also known  to  inhibit  both  the  UPS and CMA, further  creating
a toxic  burden  on cells. This review  suggests that  re-routing  cytotoxic  aggregates towards  selective
macroautophagy  by modulating  the  SUMO pathway  could  provide  new  mechanisms  towards
neuroprotection.

© 2018  Elsevier B.V. All  rights  reserved.

1. Post-translational  modi ! cations  in  aging  and
neurodegeneration

In  most  organisms,  ageing is a shift  from  the  fully  functional  to
the  deterioration  of  various  physiological  processes leading  to
impaired  function  and increased vulnerability  to  death.  Ageing is
reported  to  be the  major  risk  factor  for  the  onset  and progression  of
several diseases such as cancer, neurodegeneration  and cardiovas-
cular  disease (L—pez-Ot’n et  al., 2013;  Sen et  al., 2016;  Soltow  et  al.,
2010). Neurodegenerative  diseases diversely  comprise  of  chronic
progressive  disease states that  are characterized  by gradual
dysfunction  and loss of  neurons  due to  the  abnormal  deposition
of  misfolded  and aggregated proteins  in  various  brain  regions
(Kovacs et  al., 2017 ;  Pratt  et  al., 2015). Cells lose their  ability  to  cope
with  the  accumulation  of  oligomeric  protein  complexes  that
deteriorate  the  protein  quality  control  system  leading  to  neuro-
toxicity  and ultimately  widespread  neurodegeneration  (Takalo
et  al., 2013). These adverse effects  that  occur  within  cells are
prevented  by the  process referred  to  as protein  homeostasis  or
proteostasis.  This is orchestrated  by several post-translational
mechanisms  through  the  aid  of  protein  chaperones, co-chaperones
and mediators  that  fold  and/or  refold  misfolded  proteins,
maintaining  the  correct  conformation  and/or  attempting  to
sequester or  degrade toxic  soluble  misfolded  species via  aggre-
somes and autophagy.  It  has been suggested that  cells actively

sequester misfolded  proteins  in  chaperone-rich  quinary  (Q-body)
compartments  (Alavez, 2017;  Escusa-Toret et  al., 2013;  Roth and
Balch, 2013). These misfolded  species are then  directed  to  the
ubiquitin  proteasome  system  (UPS) and/or  the  autophagy  lyso-
some pathway  (ALP) for  degradation  so as to  prevent  neurotoxicity
(Manecka  et  al., 2017). However,  the  toxic  accumulation  of  protein
aggregates has been reported  to  cause secondary  inhibition  of  the
proteasome  as well  as lysosome  system  causing a vicious  cycle
encouraging  further  aggregation  and cell  death  (Cuervo and Wong,
2014;  Schapira et  al., 2014). There has been rising  interest  in  post-
translational  modi ! cation  by  the  small  ubiquitin-like  modi ! er
(SUMO), known  as SUMOylation,  as it  has been identi ! ed as one of
the  key regulators  in  various  cellular  mechanisms  in  age-related
diseases (Flotho  and Melchior,  2013;  Xiao et  al., 2015). Neuro-
pathological  inclusion  bodies found  in  various  neurological
conditions  have been reported  to  contain  SUMO and/or  SUMO
target  proteins,  such as a-synuclein,  which  has been classi! ed as a
SUMO substrate.  SUMO-1 has also been found  to  be associated
with  lysosomes conjugated  to  Hsp90 in  the  a-synucleopathy,  MSA,
and in  a unilateral  PD mouse model  suggesting  a possible  link  to
chaperone-mediated  autophagy  (Weetman  et  al., 2013 ;  Wong
et al., 2013). Anderson  et  al. have reviewed  the  af! liation  of  SUMO
and various  SUMO substrates  to  a range of  neurological  de! cits  and
cellular  stressors such as ParkinsonÕs disease (PD), Alzheimer Õs
disease (AD), polyglutamine  (Poly-Q)  diseases, oxidative  stress,
osmotic  stress and hypoxic  stress (Anderson  et  al., 2017;  Ficulle
et  al., 2018;  Peters et  al., 2017;  Princz  and Tavernarakis,  2017). In
this  review,  we  focus on the  various  cellular  responses SUMOy-
lation  is linked  to  in  neurodegenerative  protein  aggregation
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diseases and the  potential  of  modulating  the  SUMO pathway  to
promote  neuronal  health.

2. SUMOylation,  chaperones,  co-chaperones  and  adaptor
proteins

SUMO has been reported  to  play  an important  role  in  DNA
repair  and telomere  maintenance  as well  as intracellular  transport
and signalling  processes to  maintain  physiological  functions  and
survival.  Peters et  al. have summarised  the  various  processes and
proteins  that  SUMO regulates  in  the  central  nervous  system  as well
as in  neurodegeneration  (Peters et  al., 2017). The SUMO protein
covalently  modi ! es acceptor  lysine  residues of  this  diverse  range of
target  proteins  altering  their  functional  properties  through  the
process called  SUMOylation  (Iribarren  et  al., 2015 ;  Krumova  and
Weishaupt,  2013). SUMO-mediated  modulation  can occur  via  the
inhibition  of  the  binding  site  of  a protein  preventing  its  interaction
with  its  substrate  protein  as well  as posing  as a ÔhubÕ for  interaction
by recruiting  other  binding  partners.  Furthermore,  the  SUMO
modi ! ed substrate  protein  may  change in  conformation  which
may  lead to  alterations  in  its  activity  or  reveal  previously  exposed
binding  sites (Vijayakumaran  et  al., 2015 ;  Wilkinson  et  al., 2010).
SUMO paralogues  1Ð3 are found  abundantly  in  the  brains  of
vertebrates,  although  SUMO-2 and SUMO-3 are usually  collectively
referred  to  as SUMO-2/3  as they  are almost  identical  in  sequence.
The SUMO-1 isoform  is unable  to  form  polySUMO-1  chains like
SUMO2/3 isoforms  and does not  have a large unconjugated  cellular
pool  (Cho et  al., 2015;  Lee et  al., 2014;  Vijayakumaran  et  al., 2015;
Yang et  al., 2016). Like ubiquitination,  the  SUMO pathway  requires
the  co-ordinated  actions  of  the  SUMO activating  E1 enzyme,
SUMO-speci! c conjugating  E2 enzyme  (Ubc9)  and the  SUMO ligase
(such as PIAS3) E3 enzyme  and their  detailed  biochemistry  is
discussed in  recent  reviews  (Eckermann,  2013;  Guo and Henley,
2014 ;  Sarge and Park-Sarge, 2011). In  competition  with  covalent
SUMO modi ! cation,  the  process is easily  reversible  due to  the
action  of  SUMO-speci! c deSUMOylation  enzymes  (SENPs). In
mammals,  there  are 6 different  SENPs that  are known  to  be
regulators  of  the  SUMO pathway  (Flotho,  2013;  Wilkinson  et  al.,
2010;  Yang et  al., 2016). As a result,  SUMO conjugation  is able to  act
as a reversible  switch  to  facilitate  or  prevent  protein-protein
interactions  with  the  substrate  protein  in  response to  SUMOylation
status. The stability  of  SENPs, particularly  SENP3, is directed  by the
tumour  suppressor  protein  p19  (arf)  promoting  the  turnover  of
SENP3 in  a UPS-dependent manner.  Hsc70Ðinteracting  protein
(CHIP) facilitates  the  ubiquitination  of  SENP3 followed  by its
degradation  under  normal  conditions.  SENPs show  variable
inducibility,  cellular  and subcellular  distribution,  thereby  ! ne-
tuning  SUMO status, with  SENP5 showing  largely  synaptic
expression  (Mendes  et  al., 2016;  Akiyama  et  al., 2018). However,
it  has been reported  that  under  cell  stress SENP3 levels  are
increased, due to  its  association  with  the  molecular  chaperone,
heat  shock protein  90 (HSP90), which  protects  it  from  CHIP-
mediated  ubiquitination  (Guo and Henley,  2014;  Yan et  al., 2010).

Various  chaperones and co-chaperones  such as Hsc70, Hsp70,
Hsp90 and Hsp40, that  play  many  crucial  roles  interact  with  the
SUMO pathway  (Wong  et  al., 2013). It  has been proposed  that  a
chaperone-rich  Q-body  cytoplasmic  compartment  exists  where  a
decision  is made about  whether  a misfolded  protein  should
undergo  degradation  or  refolding  (Roth and Balch, 2013). In
addition,  various  adaptor  proteins  have been discovered  to  play
essential  roles  in  the  UPS and ALP in  establishing  the  fate  of
misfolded  and/or  aggregated proteins.  Parkin  mediates  the  K-63
poly-ubiquitination  associated with  aggresome formation  (Olz-
mann,  2008) whereas  VCP (P97) disassembles SUMOylated
proteins  directing  them  to  the  UPS (Yamanaka et  al., 2012). A
balance between  VCP and HDAC6, which  stimulates  aggresome

formation,  is crucial  to  determine  the  fate  of  ubiquitinated
proteins.  In  VCP mutant  cells, aggresome formation  was found
to  be impaired  which  was counteracted  by the  expression  of
HDAC6 showing  that  they  work  in  unity  to  ensure proper
aggresome formation  (Richter-Landsberg  and Leyk, 2013).
Furthermore,  BAG1/BAG3 ratio  and CHIP adaptor  proteins  work
together  to  determine  if  polyubiquitinated  proteins  should  be
directed  to  the  UPS or  ALP (Kumar  et  al., 2007;  Shimamoto  et  al.,
2013).

3. SUMO-1 in  neurodegenerative  diseases

The disruption  of  basal SUMOylation  in  neuronal  dysfunction
has been implicated  in  neurodegenerative  disorders  such as PD, AD
and spinocerebellar  ataxias (SCAs)(Cho et  al., 2015 ;  Matsuzaki
et  al., 2015). Reports have identi ! ed SUMO-1 marking  nuclear  and
cytoplasmic  inclusion  bodies in  familial  neuronal  intranuclear
inclusion  disease (NIID),  SCA3, Huntington Õs disease, dementia
with  Lewy  bodies, progressive  supranuclear  palsy  and multiple
system  atrophy  (MSA) (Pountney  et  al., 2005 , 2003), with  punctate
SUMO-1 structures  in  cytoplasmic  inclusions  assigned to  trapped
lysosomes. Weetman  et  al. demonstrated  that  in  a rotenone-lesion
model  of  PD, increased baseline  SUMO-1 expression  was observed
in  aged brain  compared  to  young  mice  in  unlesioned  hemisphere,
whereas,  increased SUMOylation  occurred  in  both  young  and aged
mice  in  the  lesioned  hemisphere.  Moreover,  it  was also revealed
that  the  co-localisation  of  SUMO-1 to  lysosomes is consistently
observed  in  the  affected  brain  regions  of  human  disease, rodent
and cell  culture  models,  providing  a link  to  autophagy  in  response
to  aggregation  (Weetman  et  al., 2013). Krumova  et  al. revealed  that
mutations  of  the  two  consensus SUMOylation  sites led  to
aggravated  a-synuclein  toxicity  reducing  the  number  of  dopami-
nergic  neurons  in  a PD rat  model  (Krumova  et  al., 2011). In  HD, the
pathogenic  fragment  Huntingtin,  was found  to  be modi ! ed by
SUMO-1 where  it  was suggested that  the  SUMOylated  Htt  reduced
inclusion  body  formation.  However,  this  did  not  reduce  toxicity  but
in  fact  contributed  to  the  disease pathology  showing  that  the
reduction  of  aggregated protein  does not  always  mean  a reduction
in  neurotoxicity  (Steffan et  al., 2004). Moreover,  although  both
a-synuclein  and tau  have been shown  to  be SUMOylation  targets  in
vitro,  the  presence of  the  SUMOylated  species in  pathological
aggregates is unclear  (Wong  et  al., 2013;  Luo et  al., 2014). Oxidative
stress can either  increase or  decrease SUMOylation.  Recently,
quercetin  was found  to  increase total  SUMOylation  and also
increase the  expression  of  the  oxidative  stress master  regulator,
NRF2, rendering  cells more  tolerant  to  glucose/oxygen  deprivation
(Lee et  al., 2016). Furthermore,  the  overexpression  of  SUMO in
conditions  such as brain  ischemia  and hypoxia,  could  increase cell
survival  whereas  the  knockdown  of  SUMO expression  has proven
to  be toxic  to  cells demonstrating  evidence  that  SUMO may  play  a
protective  role  in  cellular  responses overcoming  stressors such as
glucose and oxygen  deprivation  (Silveirinha  et  al., 2013 ;  Yang et  al.,
2016). Indeed, many  mitochondrial  associated proteins  are
SUMOylated, such as Drp1  and MFF, thereby  in " uencing  mito-
chondrial  ! ssion, the  clearance of  dysfunctional  mitochondria  and
cell  death  (Paasch et  al., 2018;  Guo et  al., 2017), and SENP2
knockout  that  blocks  Drp1  deSUMOylation  was found  to  induce  a
neurodegenerative  phenotype  (Fu et  al., 2014).

4. Modulating  SUMOylation  as a therapeutic  target  to  combat
neurodegeneration

It  has been proposed  that  SUMOylation  of  target  proteins  may
have direct  and/or  indirect  links  to  neurodegenerative  disease
pathology  (Vijayakumaran  et  al., 2015). Various  cancer studies
have investigated  SUMOylated  CD44 in  tumour  cells and showed
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that  inhibiting  the  SUMO pathway  reduced  the  CD44 expressions
repressing  invasiveness  and tumour  growth  (Bogachek et  al., 2016;
Casta–o-Miquel  et  al., 2017 ;  De Andrade  et  al., 2015). Also, Yun
et  al. demonstrated  for  the  ! rst  time  that  SUMO-1 regulates
b-secretase (BACE1), a protein  that  recruits  b-amyloid  (Ab)
production  in  AD diseased brain.  Due to  the  depletion  of  SUMO-
1, BACE1 proteins  were  reduced  thereby  decreasing Ab levels  (Yun
et  al., 2013). Khodzhigorova  et  al. have reported  that  the  siRNA-
mediated  knockdown  of  Ubc9 reduces the  accumulation  of
phosphorylated  Smad3 in  experimental  ! brosis  through  the
reduction  of  TGF-b signalling  suggesting  that  inhibition  of
SUMOylation  may  be a novel  therapeutic  target  (Khodzhigorova
et  al., 2012). Ubc9 knockdown  in  neonatal  ventricular  myocytes  led
to  increase in  the  autophagy  adapter,  p62, but  reduced  LC3-II and
beclin  (Gupta  et  al., 2015),  whereas,  Vps34 SUMOylation  promotes
autophagosome  formation  (Yang et  al., 2013). Various  reports  have
modulated  the  SUMO pathway  using  chemical  inhibitors.  It  was
! rst  reported  that  a botanical  drug,  ginkgolic  acid (GA), down-
regulates  protein  SUMOylation  by  blocking  the  formation  of  the
E1-SUMO intermediate  (Fukuda et  al., 2009). GA was used in  in
vitro  and in  vivo  experiments  where  the  treatment  of  GA impaired
the  proliferation  and restrained  tumour  growth  in  pancreatic
cancer, showing  also that  GA had little  toxicity  on normal  cells (Ma
et al., 2015). Various  studies  have indicated  that  GA treatments
have anti-migratory  and anti-metastatic  activity  in  breast  and
colon  cancer cells (Hamdoun  and Efferth,  2017 ;  Qiao et  al., 2017).
GA treatment  of  HEK293 cells led  to  reduced  SUMOylation  and
decreased phosphorylation,  whereas,  tau  SUMOylation  inhibited
its  degradation  (Luo et  al., 2014). Kerriamycin  B has also been
reported  as another  inhibitor  of  the  E1 enzyme  of  the  SUMO
pathway  possessing both  antimicrobial  and antitumor  activity
(Kumar  et  al., 2013). Recently, Spectomycin  B1 was found  to  inhibit
the  E2 enzyme,  Ubc9, of  the  SUMO-1 pathway  (Hirohama  et  al.,
2013). As macroautophagy  is capable of  degrading  large structures
such as protein  aggregates and is reciprocally  regulated  with  CMA,
which  cannot  degrade aggregates, inhibiting  SUMOylation  of

lysosomal  Hsp90 and CMA may  promote  aggregate clearance
(Fig. 1). Indeed, several inhibitors  of  Hsp90 have been investigated
as therapeutic  targets  in  neurodegeneration.  Recently, inhibition  of
the  Hsp90 co-chaperone  Aha1 that  is activated  by SUMOylation
was found  to  block  tau  aggregation  (Shelton  et  al., 2017). Therefore,
targeting  the  SUMO pathway  by utilizing  inhibitors  such as GA
which  prevent  the  formation  of  the  E1-SUMO intermediate,  may
represent  a novel  potential  therapy  for  various  neurodegenerative
diseases.

SUMOylation  is involved  in  several pathways  such as protein
misfolding  and refolding,  the  UPS and the  ALP that  modify  the  toxic
species of  aggregated protein  through  various  direct  and/or
indirect  mechanisms.  It  is important  to  recognize  associations
between  various  pathways  where  SUMOylation  plays  a role  in
response to  accumulating  toxic  aggregates. However,  there  is a
demand  for  a greater  understanding  of  SUMOylation  in  ageing and
neurodegeneration  in  order  to  therapeutically  modulate  SUMOy-
lation.  The potential  bene! t  of  directing  toxic  aggregates towards
selective  macroautophagy  has been suggested, as pathological
aggregates are known  to  inhibit  the  UPS and CMA. Therefore,  we
propose  that  SUMOylation  could  be speci! cally  modulated  to  alter
the  function  of  various  proteins  resulting  in  a protective  outcome.
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