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Summary  

Genetic, neuropathological and biochemical data all point to a major role of 

the presynaptic protein α-Syn in the pathogenesis of PD and related 

synucleinopathies. Moreover, PTMs, and in particular phosphorylation at serine 129, 

are thought to play a role in the formation of the aberrant conformations, i.e. 

oligomeric and fibrillar α-Syn, affecting neuronal homeostasis, although the valence 

of the effect of phosphorylation is still controversial. The mechanisms governing α-

Syn degradation remain a subject of debate, but it is generally acknowledged that 

the degradation of α-Syn, and its multiple conformational states, depends on two 

major intracellular protein degradation pathways; the UPS, and the autophagy-

lysosome pathway (macroautophagy, microautophagy and CMA). A major obstacle 

to elucidating the role of α-Syn pathology has been the lack of model systems to 

study the acute effects of α-Syn aggregation occurring in real-time. We describe here 

a novel cellular model based on the over‐expression of wild type α-Syn in which the 

formation of α-Syn inclusions was triggered by the addition of preformed-fibrils 

(PFFs). This cell model recapitulates the features of LB-like inclusions such as 

conversion of endogenous soluble α-Syn into insoluble, hyperphosphorylated 

pathological species. In our cell model, the seeding of endogenous α-Syn occurs 

within a time frame of 6 days, and was more prominent after 10 days of fibril-

incubation. Moreover, our model gives us the ability to shut down the expression of 

the α-Syn by adding DOX and follow the clearance of α-Syn assemblies. More 

specifically, we showed that a switch-off of α-Syn expression on the 6th day of PFF-

incubation, resulted in the clearance of α-Syn assemblies over a period of 6 days. 

Following this, we examined the clearance of both total and pS129 α-Syn. Our data 

showed that when the expression of α-Syn is shut down by DOX addition for 6 days, 

accumulation of PFF-induced α-Syn aggregates is detected upon bafilomycin 

treatment, suggesting that lysosomal processes are involved in the clearance of the 

seeded material. Additionally, we showed that proteasomal inhibition with 

epoxomicin did not affect the clearance of α-Syn. Concerning pS129, our findings 

showed that fibrillar pS129 α-Syn was only apparent relatively late, at 7 days of high-

dose fibril-incubation and that phosphorylation occurred only in the endogenous α-
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Syn as depicted from control experiments using mutant S129A PFFs. Fibrillar 

phosphorylated α-Syn was degraded after two days of DOX incubation, while 

proteasomal inhibition reversed this turnover. Further, pS129 α-Syn was observed 

using fluorescence confocal microscopy, and was detected in aggregated puncta only 

upon 24-hour proteasomal inhibition with epoxomicin, suggesting that the 

proteasomal pathway is, at least in part, responsible for its clearance. To this end, 

our data strongly suggest a link between aggregation and the degradation 

machineries. This established model system could be used to decipher the role of 

the crosstalk between the different PTMs i.e. ubiquitylation, sumoylation and 

phosphorylation in α-Syn degradation and aggregation, and identify components 

that modulate this crosstalk and as a result the levels of α-Syn. Eventually, we hope 

to improve the understanding of the mechanisms ofα-Syn metabolismin the nervous 

system, intricately linked to PD development, accelerating druggability and 

therapeutic approaches. 
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Περίληψη  

 Γενετικά, νευροπαθολογικά και βιοχημικά δεδομένα επισημαίνουν το 

σημαντικό ρόλο της προσυναπτικής πρωτεΐνης α-Syn στην παθογένεση της νόσου 

του Πάρκινσον και των συνουκλεϊνοπαθειών. Επιπλέον, οι μετα-μεταφραστικές 

τοποποιήσεις και ιδιαίτερα η φωσφορυλίωση στη σερίνη 129 πιστεύεται ότι 

παίζουν ρόλο στον σχηματισμό των παθολογικών διαμορφώσεων της α-Syn, όπως 

είναι τα ολιγομεροί και τα ινίδια, τα οποία επηρεάζουν την ομοιόσταση των 

νευρικών κυττάρων. Ωστόσο ο τρόπος επίδρασης της φωσφορυλίωσης εξακολουθεί 

να είναι αμφιλεγόμενος. Παρόλο που οι μηχανισμοί αποικοδόμηση της α-Syn 

παραμένουν αντικείμενο συζήτησης, γενικά έχει αναγνωριστεί ότι η αποικοδόμηση 

της α-Syn και των διαφορετικών  διαμορφώσεων της εξαρτάται από δύο κύρια 

ενδοκυτταρικά πρωτεολυτικά μονοπάτια, αυτό του πρωτεασώματος και αυτό του 

λυσοσώματος (μακροαυτοφαγία, μικροαυτοφαγία και CMA). Ένα σημαντικό 

εμπόδιο στην αποσαφήνιση του ρόλου της παθολογίας της α-Syn ήταν η έλλειψη 

μοντέλων για τη μελέτη της επίδρασης της συσσωμάτωσης της α-Syn. Για αυτό το 

λόγο εδώ περιγράφουμε ένα νέο κυτταρικό μοντέλο που βασίζεται στην 

υπερέκφραση άγριου τύπου α-Syn στο οποίο ο σχηματισμός συσσωματομάτων  α-

Syn επάγεται με την προσθήκη ανασυνδιασμένων ινιδίων α-Syn (PFFs). Αυτό το 

κυτταρικό μοντέλο αναπαριστά τα χαρακτηριστικά των εγκλείστων που είναι όμοια 

με τα σωματία Lewy όπως είναι η μετατροπή της ενδογενούς διαλυτής α-Syn σε 

αδιάλυτες, υπερφωσφορυλιωμένες παθολογικές μορφές. Στο κυτταρικό μοντέλο 

μας, η συσσωμάτωση της ενδογενούς α-Syn συμβαίνει εντός 6 ημερών και είναι 

περισσότερο εμφανής μετά από 10 ημέρες επώασης με τα ινίδια. Επιπλέον, το 

μοντέλο αυτό μας δίνει τη δυνατότητα να αποσιώπησουμε την έκφραση της α-Syn 

προσθέτοντας δοξυκυκλίνη και να ακολουθήσουμε την αποικοδόμηση των 

συσωματομάτων της α-Syn. Πιο συγκεκριμένα, δείξαμε ότι η αποσιώπηση της 

έκφρασης α-Syn κατά την 6η ημέρα της επώασης με ινίδια είχε ως αποτέλεσμα την 

εξάλειψη των συσσωματομάτων της α-Syn σε περίοδο 6 ημερών. Έπειτα, εξετάσαμε 

την αποικοδόμηση τόσο της ολικής όσο και της φωσφορυλιωμένης α-Syn. Τα 

δεδομένα μας έδειξαν ότι όταν η έκφραση του α-Syn αποσιώπαται με προσθήκη 

δοξυκυκλίνης για 6 ημέρες, η μείωση των συσσωματομάτων που παρατηρούνταν 
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υπο φυσιολογικές συνθήκες αναστρέφεται με αναστολή του λυσοσώματος, 

υποδηλώνοντας ότι το λυσόσωμα εμπλέκεται στην αποικοδόμηση των 

συσσωματομάτων. Επιπλέον, δείξαμε ότι η πρωτεασοματική αναστολή με 

εποξυμικίνη δεν επηρέασε την αποικοδόμηση της α-Syn. Όσον αφορά τη 

φωσφοριλιωμένη α-Syn, τα ευρήματά μας έδειξαν ότι η ινιδιακή φωσφοριλιωμένη 

α-Syn ήταν εμφανής σχετικά αργά, σε 7 ημέρες υψηλής επώασης ινιδίων και ότι η 

φωσφορυλίωση έλαβε χώρα μόνο στην ενδογενή α-Syn όπως δείχθηκε από 

πειράματα ελέγχου χρησιμοποιώντας μεταλλαγμένα S129A PFFs τα οποία δεν 

φωσφορυλιώνινατι. Επίσης, δείξαμε ότι ινιδιακή φωσφορυλιωμένη α-Syn 

αποικοδομήθηκε μετά από δύο ημέρες επώασης με δοξυκυκλίνη, ενώ η αναστολή 

του πρωτεασώματος ανέτρεψε  αυτό το φαινόμενο. Περαιτέρω, η pS129 α-Syn 

παρατηρήθηκε χρησιμοποιώντας μικροσκοπία φθορισμού σε συσσωματώματα 

μετά από αναστολή του πρωτεασώματος με εποξυμικίνη, υποδηλώνοντας ότι η 

πρωτεασωματική οδός είναι, τουλάχιστον εν μέρει, υπεύθυνη για την 

αποικοδόμηση της. Τα δεδομένα μας υποδεικνύουν έντονα μια σύνδεση μεταξύ της 

συσσωμάτωσης της α-Syn και των μηχανισμών αποικοδόμησης. Αυτό το μοντέλο θα 

μπορούσε να χρησιμοποιηθεί για την αποκρυπτογράφηση του ρόλου της 

αλληλεπίδρασης μεταξύ των διαφόρων μετα-μεταφραστικών τροποοιήσεων, όπως 

είναι η ουβικικουτιλίωση, σουμοϋλίωση και φωσφορυλίωση στην αποικοδόμηση 

και συσσωμάτωση της α-Syn. Τελικά, ελπίζουμε να βελτιώσουμε την κατανόηση των 

μηχανισμών μεταβολισμού της α-Syn στο νευρικό σύστημα, που συνδέεται με την 

ανάπτυξη της νόσου Πάρκινσον, επιταχύνοντας τη δυνατότητα εύρεσης 

θεραπευτικών προσεγγίσεων. 
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NAC: amyloid-binding central domain 

PD: Parkinson’s disease 
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A. Introduction 

1. Synucleinopathies and Parkinson´s Disease 

The term synucleinopathies is used to describe a diverse group of 

neurodegenerative disorders that share a common pathological feature, the 

abnormal accumulation of the presynaptic protein, α-Synuclein (α-Syn), in selectively 

vulnerable populations of neurons, nerve fibres or glialcells (Spillantini et al., 2000; 

Trajanowski et al., 2003; McCann et al., 2014). These disorders include Parkinson’s 

disease (PD), dementia with Lewy bodies (DLB) and multiple system atrophy (MSA). 

Clinically, they are characterized by a chronic and progressive decline in motor, 

cognitive, behavioural and autonomic functions, depending on the distribution of the 

lesions. Growing evidence associates the formation of abnormal filamentous 

aggregates to the onset and progression of clinical symptoms as well as the 

degeneration of affected brain regions in these neurodegenerative disorders.  

PD was described for the first time in 1817 by the British doctor James 

Parkinson.PDis the second-most common neurodegenerative disorder that affects 2–

3% of the population over the age of 65. The vast majority of PD cases are sporadic 

and probably caused by interaction of environmental and genetic factors. 

Approximately 5-10 % of patients have a monogenic, autosomal dominant or 

recessive form of PD. Clinically, it is characterized primarily by a movement disorder 

causing resting tremor, bradykinesia, rigidity, postural instability and diverse non-

motor symptoms including dementia, which in community-based studies, was 

reported in up to 80% of patients with long disease duration (Helyet al., 2008). The 

brain pathology underlying the motor signs includes the loss of pigmented 

dopaminergic neurons of the substantia nigra pars compacta (SNpc). In early stages, 

loss of dopaminergic neurons is restricted to the ventrolateral SN (Feamleyet al., 

1991; Damier et al., 1999), but becomes more widespread by end-stage disease. 

These neurons project their unmyelinated axons rostrally via the medial forebrain 

bundle (MFB) to the striatum, where they normally release dopamine. It is this loss 

of dopamine that results in the characteristic motor signs. The dramatic loss of these 

dopaminergic neurons, even early in the disease, suggests that the degeneration in 

this region starts before the onset of motor symptoms, which is supported by several 
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recent clinicopathological studies (Dijakarta et al., 2014; Iacono et al., 2015). The 

other required neuropathology is the abnormal deposition of α-Syn in the cytoplasm 

of certain neurons in several different brain regions also known as Lewy bodies (LBs) 

or Lewy neurites (LNs) (Braak et al., 2003). LBs were the first to be described over a 

century ago, by Heinrich Lewy in 1912, andare largely made up of a variety of 

proteins, i.e. α-Syn, ubiquitin (Ub) and neurofillaments (Lennox et al., 1989; Schmidt 

et al., 1991; Spillantini et al., 1997; Spillantini et al., 1998). 

The underlying molecular pathogenesis involves multiple pathways and 

mechanisms: α-Syn proteostasis, mitochondrial function, oxidative stress, calcium 

homeostasis, axonal transport and neuroinflammation. A pathogenic role for α-Syn 

in these disorders is supported by various genetic data. Multiplications of the gene 

encoding α-Syn (SNCA) (Chartier-Harlin et al., 2004) and various point mutations in 

this gene (A53T, A30P and E46K) (Polymeropoulos et al., 1997; Kruger et al., 1998; 

Zarranz et al., 2004) result in dominant familial parkinsonism. Moreover, certain 

polymorphisms in SNCA are major risk factors for sporadic PD (Simon-Sanchez et al., 

2009). An increasing body of evidence from animal models as well as data from 

genetic, biochemical and biophysical studies support the hypothesis that the 

processes of α-Syn oligomerization (Conway et al., 1998; Tsigelny et al., 2008) and 

fibril growth (Oueslati et al., 2010; Tascenberger et al., 2011) have central roles in 

the pathogenesis of PD and other synucleinopathies (Galvin et al., 2001). 

Misfolding and aggregation of α-Syn have gaineda great interest over the 

past decades. The α-Syn field has focused on the hypotheses that certain aggregates 

of α-Syn may be directly toxic to the neurons in which they arise. Aggregates can be 

released from some neurons and diffuse by undefined mechanisms to other neurons 

to seed α-Syn in the recipient cells, thus propagating neuropathology by a non-cell 

autonomous process (‘pathogenic spread’). For that reason,new approaches and 

toolshave been developed to model aspects of the disorders which will give the 

opportunity to analyze which molecular events initiate α-Syn aggregation inside 

neurons and how neuronal α-Syn homeostasis may be maintained under 

physiological conditions but perturbed by pathological factors. 
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2. α-Syn 

Synucleins are small, highly conserved proteins (123-143 amino acids) 

characterized by the presence of repeated incomplete repetitions of the KTKEGV 

sequence along the N-terminus and an acidic C-terminal region. The synuclein family 

includes three known proteins: alpha-Syn, betα-Syn and gammα-Syn. Interest in the 

synuclein family began when α-Syn was found to be mutated in several families 

with autosomal dominant PD. 

α-Syn is predominantly expressed in the Central Nervous System (CNS), 

particularly in the hippocampus, olfactory bulb, striatum and cerebellum. Even 

though α-Syn is a neuronal protein, whether it is expressed at all under physiological 

conditions in glia is somewhat controversial; it would appear that, if it exists, such 

expression is present at very low levels (Mori et al. 2002). Despite its enrichment, α-

Syn expression is not restricted to neural tissue but is detected in the heart, muscles, 

kidneys, liver, lungs as well as platelets, erythrocytes, and lymphocytes (Hashimoto 

et al. 2000; Ltic et al., 2004) suggesting more general cellular functions in addition to 

its activity in the brain.  

Its expression is regulated during development. It has been found that its 

levels increase during embryonic growth in both mice (Hsu et al., 1998) and rats 

(Petersen et al., 1999), as well as that its time of expression differs between different 

nerve populations during growth in humans (Raghavan et al., 2004). In adulthood, 

expression is restricted to nerve terminals (Raghavan et al., 2004) while in normal 

aging it is also found in cellular bodies. In the cytoplasm, α-Syn is found primarily in 

asoluble form, where it interacts weakly with other proteins and is thought to be in a 

naturally delimited structure (Weinreb et al., 1996; Kim, 1997). 

2.1 Structure of α-Syn 

The SNCA gene encodes for a 140 amino acid protein, which in aqueous 

solutions does not have a defined structure, hence the term “natively unfolded’’ 

protein. α-Syn can be present as an α-helix structure in association with 

phospholipids or an unfolded conformation in the cytosol, suggesting that it plays 

specific roles in different cellular locations based on its dynamic structure (Ahn et al., 

2002). 

https://en.wikipedia.org/wiki/Alpha-synuclein
https://en.wikipedia.org/wiki/Beta-synuclein
https://en.wikipedia.org/wiki/Gamma-synuclein
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The protein is characterized by three distinct regions namely N-terminal 

amphipathic domain, amyloid-binding central domain (NAC), and C-terminal acidic 

domain. The N-terminal domain of α-Syn (residues 1–60) contains 7 imperfectly 

repeated hexamer (KTKEGV) motifs, that is also present in the α-helical domain of 

apolipoproteins, contributing essentially to its capacity to bind to lipid membranes 

(Sode et al., 2006) (Fig. 1). What largely sets apart α-Syn structurally from the other 

members is the NAC region. Τhe central hydrophobic region of α-Syn (residues 61–

95), also known as NAC (non-Aβ component), is involved in fibril formation and 

aggregation (Rajagopalan et al., 2001) as it confers the β-sheet potential (Rodriguez 

et al., 2015). This NAC domain itself is able to form amyloid fibrils and deletion of 

large segments within this region greatly diminished α-Syn oligomerization and 

fibrillogenesis in vitro (El-Agnaf et al., 1998; Giasson et al., 2001) and in a cell-based 

assay (Luk et al., 2009). The C-terminal domain of α-Synis less well-conserved, highly 

acidic and has been implicated in regulating its nuclear localization and interactions 

with metals, small molecules and proteins (Elizier et al., 2001 ; Ulmer et al., 2005). 

 

 

Figure 1. α-Syn protein structure. α-Syn is a 140-amino-acid protein composed of three 
domains: the N-terminal amphipathic domain, the non-amyloidogenic component (which 
includes a hydrophobic core) and the C-terminal acidic domain. KTKEGV imperfect repeats 
span through the amphipathic domain and the non-amyloidogenic component of human α-
Syn. These repeats together with the non-amyloidogenic component are responsible for the 
formation of two α-helices that interact with lipids. PD-related mutations (A30P, E46K, 
H50Q, G51D, A53T and A53E) are all located in the amphipathic domain (adapted from 
Devoto et al, 2017). 
 

α-Syn binds to membranes and synaptic vesicles, preferably of small 

diameter, with its N-terminus binding first to the lipid bilayer, obtaining an α-helix 

structure (Davidson et al., 1998; Ferreon et al., 2009; Fusco et al., 2014; Peelaerts 
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and Baekelandt et al., 2016). The first eleven amino acids at the N-terminus of α-Syn 

appear to play a key role in the generation of α-helix and membrane binding, as their 

deletion in vitro dramatically reduces vesicle binding (Vamvaca et al., 2009; Lorenzen 

et al., 2014). Isolation of α-Syn under non-denaturing conditions, from rodent 

tissues, erythrocytes and human tissue, has been shown to retain its monomeric, 

denatured form when not bound to the membranes (Fauvet et al., 2012; Burre et al., 

2013). The use of chemical stabilizers (crosslinkers) allows the isolation of unstable 

α-Syn polymers in synaptic vesicle membranes (Dettmer et al., 2013; Burre et al., 

2014). In addition, α-Syn has been shown to be organized in synapses, naturally in 

multimeric forms (Wang et al., 2014).  

The prevailing theory argues that the α-Syn molecule is in a dynamic balance 

between the cytoplasmic, naturally unmodified, monomeric structure and 

membrane polymeric forms, in continuous interaction (Peelaerts and Baekelandt, 

2016b). Recent results suggest that endogenous α-Syn, under physiological 

conditions, exists predominantly as a structured and helical tetramer that must 

firstly be disrupted into monomers to misfold further (Bartels et al., 2011). Although, 

nuclear magnetic resonance and electron paramagnetic resonance spectroscopy 

expounded a predominant monomeric state of α-Syn in the cytoplasm (Theillet et al., 

2016), the tetrameric state has not yet been completely ruled out. The tetramer 

hypothesis, which proposes that α-Syn could exist in a dynamic equilibrium between 

monomeric and tetrameric states, could be accepted as up to 20% of α-Syn exists in 

a tetrameric state at anytime (Alderson and Bax, 2016). An alternative view 

demonstrates α-Syn existing as tetramers in normal, but at a decreased tetramer 

and monomer ratio in genetic mouse models of familial PD (Dettmer et al., 2015). 

The destabilization of physiological tetramers by missense mutations causing PD and 

the neurotoxicity and inclusions induced by markedly decreasing tetramers suggest 

that decreased α-helical tetramers and increased unfolded monomers facilitate 

subsequent pathological aggregation of monomers into disease-mediating 

assemblies (Dettmer et al., 2015). 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6261981/#B13
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6261981/#B187
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6261981/#B187
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6261981/#B2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6261981/#B48
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6261981/#B48
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2.2 Physiological function of α-Syn 

Despite more than 25 years of research, the precise functions of α-Syn 

remain enigmatic. However, its localization at presynaptic terminals (Jakes et al., 

1994; Iwai et al., 1995; Withers et al., 1997), interaction with highly curved 

membranes and synaptic proteins (Kahle et al., 2000; Lee et al., 2008; Zhang et al., 

2008) and the deficiencies in synaptic transmissions observed in response to 

knockdown or overexpression of α-Syn impliesits involvement in the regulation of 

neurotransmitter release, synaptic function and plasticity (Fig. 2). 

 

Figure 2. Functional properties of α-Syn. This schematic highlights the roles of α-Syn at the 
presynaptic terminal in the regulation of vesicle trafficking and vesicle refilling (α-Syn; blue), 
as well as the interactions between target membrane-associated SNARE (t-SNARE) and 
vesicle-associated SNARE (v-SNARE) proteins and neurotransmitter release. Accumulation of 
α-Syn induces an impairment of neurotransmitter release, vesicle recycling and trafficking 
between synaptic buttons, and influences the stability of t-SNARE complex assembly (α-Syn; 
red) (adapted from Lashuel et al., 2013). 

 

The ability of α-Syn to bind to synaptic vesicles, as well as the presence at its 

N-terminus of the recurrent motif that resembles that of apolipoproteins, suggest a 

possible role in vesicular movement and preservation of their mature neuron (Scott 

and Roy, 2012). Suppression of α-Syn expression in primary hippocampal 
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glutamatergic neurons led to a decrease in the availability of reserve synaptic vesicle 

pool and the size of presynaptic vesicles (Murphy et al., 2000). SNCA-knockout mice 

exhibit an impairment in hippocampal synaptic responses to prolonged trains of 

high-frequency stimulation that deplete the docked and reserve pool of synaptic 

vesicles, as well as impairments in replenishment of docked pools from the pool, 

indicating that α-Syn can control the refilling and trafficking of the synaptic vesicles 

from the reserve pool to the site of the synaptic vesicle release (Abeliovich et al., 

2000; Cabin et al., 2002). 

Data largely derived from α-Syn knockout mice suggest that α-Syn normally 

mediates negative control of neurotransmitter release and has a possible role in 

assembly of SNARE family complexes. Overexpression of α-Syn induces a decrease in 

readily releasable vesicles (Gaugler et al., 2012) and affects the recycling of synaptic 

vesicles following endocytosis, inducing a reduction in the size of the synaptic vesicle 

recycling pool (Nemani et al., 2010). In another study, overexpression of α-Syn in 

cultured neurons was associated with low concentrations of several critical 

presynaptic proteins involved in exocytosis and endocytosis (Scott et al., 2010) and 

substantial reductions in the frequency of excitatory post-synaptic currents, 

diminished exocytosis and altered vesicular size. Moreover, excess α-Syn induces a 

reduction in dopamine reuptake in dopaminergic terminals (Lundblad et al., 2012) 

and inhibits intersynaptic trafficking of vesicles, leading to a smaller reserve pool of 

vesicles (Scott et al., 2012). 

The possible role of α-Syn in regulating synaptic homeostasis is not 

exclusively related to its direct interaction with synaptic vesicles. α-Syn appears to be 

able to interact with various proteins. For example, α-Syn interacts with synaptic 

proteins controlling vesicle exocytosis, such as phospholipase D2 (Payton et al., 

2004) and the family of RAB small GTPases, which are involved in the transfer 

between the endoplasmic reticulum and the Golgi apparatus. α-Syn accumulation 

likely inhibits this stage of ER-Golgi vesicular transfer rather than vesicle generation 

at the ER, and this α-Syn-mediated toxicity can be suppressed by Rab1 

overexpression (Dalfo et al., 2004, Cooper et al., 2006). 

α-Syn is considered to be a chaperone protein because it contains regions 

that are homologous with 14-3-3 proteins that interact with many cellular proteins. 
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14-3-3 proteins are members of the cytoplasmic chaperone family that 

phosphorylate the binding site of their targets, including PKC, Bcl-2-associated death 

promoter (BAD), and Extracellular-signal-regulated kinases (ERK). It has been shown 

that α-Syn can also bind to the targets of 14-3-3 (Ostrerova et al., 1999; Park et al., 

2002). Recent studies reported that α-Syn can act as a chaperone protein for the 

presynaptic SNARE protein complex by controlling the degradation and affecting the 

assembly, maintenance and distribution of this complex, which is directly implicated 

in the release of neurotransmitters, including dopamine (Burre et al., 2010). α-Syn 

binds to the synaptobrevin-2 synaptic protein and contributes to the maintenance 

and assembly of the SNARE complex. Additionally, α-Syn has been shown to protect 

against neurodegeneration induced by the deletion of the Cystein-string protein 

(CSPa) gene, while retaining the SNARE complex assembly (Chandra et al., 2005; 

Burre et al., 2010). Among these, interaction with synphilin-1, a cytoplasmic protein, 

has been shown to regulate α-Syn aggregation (Engelender et al., 1999, Buttner et 

al., 2010). Together, these observations indicate that α-Syn has an important role in 

the trafficking of synaptic vesicles and in the regulation of vesicle exocytosis, and 

may contribute to more subtleregulatory phenomena by controlling synaptic 

homeostasis-associated proteins. 

α-Syn inhibits DA synthesis by downregulating tyrosine  hydroxylase (TH) 

(Gao et al. 2007), and limiting the conversion of tyrosine conversion to L-3,4-

dihydroxypheny-lalanine (L-DOPA) (Baptista et al. 2003). This likely occurs via 

reducing TH phosphorylation and activation, which would lead to the activation of 

protein phosphatase 2A (Peng et al. 2005; Liu et al. 2008). Furthermore, α-Syn 

affects the vesicular DA transporter VMAT2. α-Syn knockout mice showed increased 

density of VMAT2 molecules per vesicle, and altered DA release (Abeliovich et al. 

2000). Overexpression of α-Syn decreases the rate of DA release without changing 

DA levels or clearance/uptake mediated by dopamine transporter (Yavich et al. 2005; 

Larsen et al. 2006). The fact that the individual synuclein knockouts (α-, β- and γ-syn) 

are viable suggests that synucleins are not essential components of the 

neurotransmitter release machinery but may contribute to the long-term regulation 

and maintenance of nerve terminal function. 
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3. Pathological role of α-Syn 

3.1 Lewy body pathology 

The main component of inclusion bodies in synucleinopathies is α-Syn and 

after its initial aggregation, additional proteins are captured and accumulated within 

the LBs. LBs are perikaryal neuronal inclusions that were first observed by Friedrich 

Lewy in cases of PD (Lewyet al., 1923). The term “Lewy body” originated from 

Tretiakoff who, in his thesis, showed the constant involvement of the substantianigra 

in PD and emphasized the high frequency of the inclusions described by Lewy (Lees 

et al. 2008). More than 300 LB components have been described so far 

(Wakabayashi et al., 2007). They belong to ten different protein classes, including 

structural elements, α-Syn-binding proteins, synphilin-1-binding proteins, 

components of the ubiquitin-proteasome system, proteins implicated in cellular 

responses, proteins associated with phosphorylation and signal transduction, 

cytoskeletal proteins, cell cycle proteins, cytosolic proteins, heat shock proteins and 

lysosomal proteins. 

Morphologically, LBs may be divided into brainstem and cortical types. 

Whereas brainstem LBs are found in the brainstem nuclei and diencephalon, cortical 

LBs are preferentially seen in the cerebral limbic cortex and amygdala. Classic 

brainstem LBs are spherical intraneuronal cytoplasmic inclusions, characterized by 

hyaline eosinophilic cores, concentric lamellar bands, narrow pale halos, and 

immunoreactivity for α-Syn and ubiquitin (Campbell et al., 2001). In contrast, cortical 

LBs typically lack a halo (Gomex-Tortosa et al., 2000). α-Syn immunolabeling of PD 

brains have revealed that α-Syn immunostaining can be detected in approximately 

64% of nigral LBs and 31% of cortical LBs (Sakamoto et al., 2002). With electron 

microscopy, the LBs are not bordered by a membrane and are not clearly limited 

from the surrounding cytoplasm. It is composed of granular and fibrillar materials, 

the granular component being more abundant at the center and the fibrils 

predominating at the periphery (Roy and Wolman 1969). LNs are α-Syn aggregates, 

localized in neuronal processes, clearly illustrated by Lewy but almost forgotten until 

specifically labeled by immunohistochemistry. Antibodies for ubiquitin (Dickson et al. 
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1991) and later for α-Syn (Irizarry et al. 1998; Braak et al. 1999) revealed a dense 

network of LNs in PD and DLB cases. 

α-Syn aggregation resulting in LB formation has been linked to toxicity and 

neurodegeneration. The majority of pathological α-Syn aggregates in PD and DLB are 

located at the pre-synapse and has been suggested to cause neurotransmitter 

deficiency and loss of the dendritic spines. The number of LBs in the brain is not 

proportional to the severity of the disease but their location correlates with the 

disease stage.  

3.2 Aggregation of α-Syn 

Several studies have already been carried out for studying α-Syn aggregation 

and have shown that α-Syn is a natively unfolded protein and has the ability to self 

assemble into highly ordered aggregates (amyloid fibrils) (Conway et al., 2000; 

Uversky et al., 2003). There are a number of different α-Syn conformations, including 

oligomers, protofibrils and fibrils that have been associated with the pathogenesis of 

LBDs. The fibrillar forms of α-Syn are detected mostly in LBs (Dikson et al., 1989; 

Kosala et al., 1990), which are localized in the neuronal cell body. α-Syn fibrils 

formed in vitro resemble closely the fibrils extracted from the LBs of PD patient’s 

brains (Giasson et al., 1999; Conway et al., 2000) (Fig. 3). Aggregates of α-Syn can 

also be observed in astroglial cells from cases of LBDs (Braak et al., 2007).It has been 

shown that these intracellular structures are the neuropathological hallmark of PD 

and DLBand are thought to reflect an attempt by the neurons to isolate and/or 

convert toxic α-Syn oligomers to fibrils, which are stable, less dynamic structures 

that exhibit reduced toxicity.  

In contrast to fibrillar α-Syn, oligomeric aggregates are most likely to be 

located in axonsand presynaptic terminals, where they might damage synapses and 

dendrites (Scott et al., 2010; Neami et al., 2010; Schulz-Schaeffer et al., 2010; Garcia- 

Reitbock et al., 2010; Lundbland et al., 2012; Bellucci et al., 2012). In vitro, several 

oligomeric species of different morphologies, including spherical, chain-like and 

annular oligomers, have been observed before α-Syn fibril formation (Hoevath et al., 

2012).  Among these, spherical oligomers 2–6 nm in diameter has been suggested 
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tobe the toxic forms of α-Syn, as they promote neuronal degeneration and abnormal 

calcium currents in cultured primary cortical neurons (Danzer et al., 2007). 

Under physiological conditions, α-Syn monomers function in a dynamic 

equilibrium between a soluble and a membrane-bound state. Under cellular stress 

and in disease-relation conditions, α-Syn monomers can interact leading to 

oligomers that buffer the formation of protofibrils, ultimately causing the formation 

of amyloid-β sheet fibrils that aggregate into LBs. Conversion of α-Syn to a toxic 

oligomeric form (or forms) might be influenced by interactions with lipids or small 

molecules and post-translational modifications, including phosphorylation (Iwatsubo 

et al., 2007) of α-Syn at S129 and S87 (Oueslati et al 2010), oxidative stress 

(Hashimoto et al., 1999; Souza et al., 2000)and truncation(Oueslati et al., 2010). 

Under in vitro conditions, increasing protein concentrations, long incubations at 37 

°C, addition of specific metal ions (Fe2+, Cu2+and Zn2+) (Hashimoto et al., 1999; 

Uverski et al., 2001), nitration (Souza et al., 2000) or application of various ligands, 

such as dopamine, can induce α-Syn self-assembly and the formation of variably 

sized soluble aggregates that are rich in β-sheets. 

Figure 3. Quality control systems and α-Syn aggregation. α-Syn can misfold and form 
oligomeric species that fibrillate and deposit into larger aggregates, ultimately forming Lewy 
bodies. In healthy cells, the cellular quality control systems are able to maintain proteostasis, 
avoiding this cascade of events. The first steps of aggregation can be prevented or reversed 
by promoting the degradation of misfolded proteins by the ubiquitin-proteasome system, 
while the later ones are counteracted by degradation mediated by macroautophagy. 
Chaperones are thought to assist in the proper folding of α-Syn at different stages of the 
aggregation process (adapted from Menezes et al., 2015). 
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Further, it was shown that α-Syn oligomers formed during the early stages of 

the aggregation process rather than the end state of aggregation (amyloid fibrils) are 

the most potent neurotoxic species causing neurodegeneration in PD (Volles et al., 

2003; Karpinar et al., 2009; Wineer et al., 2011). In vitro studies showed that annular 

protofibrils alter membrane permeability, resulting in an increased influx of calcium 

from the extracellular to the intracellular space that leads to cell death (Danzer et al., 

2007). α-Syn oligomers might also cause toxicity by damaging mitochondria (Hsu et 

al., 2000), triggering lysosomal leakage (Hashimoto et al., 2004) or disrupting the 

microtubules (Alim et al., 2004). Moreover, a recent study showed that α-Syn 

oligomers interfere with the axonal transport of synaptic proteins such as synapsin 1, 

resulting in dysfunctional synapses and eventual neurodegeneration (Scott et al., 

2010). However, recent studies have suggested that it is not only α-Syn oligomers 

that cause toxicity and contribute to PD pathogenesis but also α-Syn fibrils play a key 

role in the spreadof disease pathology in PD patients’ brains (Recasens et al., 2014; 

Desplants et al., 2009; Braak et al., 2003; Volpiceli-Daley et al., 2011). Several studies 

have reported that α-Syn fibrils have prion-like behavior i.e. they can act as seeds for 

the transformation of normal monomeric α-Syn into fibrillar forms. Exogenously 

added α-Syn fibrils can enter inside cells and subsequently induce the endogenous α-

Syn of the cell toaggregate into LB-like inclusions (Desplants et al., 2009; Volpiceli-

Daley et al., 2011; Olanow et al., 2013). 

However, recent evidence suggests that the process involving the conversion 

of oligomers to fibrils itself contributes to α-Syn toxicity and the progression of 

neurodegeneration. In agreement with this, artificial mutant variants of α-Syn (for 

example, E57K α-Syn) that enhance the formation of α-Syn oligomers but not fibrils 

were shown to be highly toxic to dopaminergic neurons in different animal models of 

synucleinopathies (Winner et al., 2011). In addition, Taschenberger and colleagues 

(2011) showed that mutations that enhance α-Syn oligomerization (that is, A56P and 

the triple mutant A30P/A56P/ A76P) exhibit high toxicity, but sustained progressive 

loss of dopaminergic neurons was strongly dependent on the ability of the α-Syn 

variant to form fibrils in vivo (Tashenberger et al., 2011). These results are consistent 

with recent findings in the amyloid-β field (Jan et al., 2011; Wogulis et al., 2005) and 

demonstrate that the process of fibril formation, rather than the fibrils themselves, 
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has an important role in α-Syn toxicity and progressive neurodegeneration in PD and 

related disorders. 

4. Post translational modifications of α-Syn 

A number of α-Syn post-translational modifications (PTMs) are present within 

the LBs in the brains of affected patients and transgenic models of PD and related 

disorders. However, whether disease-associated α-Syn PTMs promote or inhibit α-

Syn aggregation and neurotoxicity in vivo remains unknown. These PTMs, including 

phosphorylation, ubiquitylation, sumoylation, acetylation, truncations and nitration, 

may play a key role in the regulation of α-Syn aggregation and toxicity in vivo (Fig. 4). 

More specifically, phosphorylation is the most common modification, whose levels 

are directly related to the progression of Parkinson's disease (Fujiwara et al., 2002; 

Zhou et al., 2011). 

 

 

 

 

 

 
 
 
 
 
 
Figure 4. α-Syn C-terminal residues subjected to post-translational modifications. 
Schematic representation of α-Syn with the N-terminal region, the NAC region and the C-
terminal region are colored in blue, orange and red, respectively. In the upper part of the 
scheme the binding regions (amino acids in bold) with bivalent metal ionsare represented. In 
the lower part of the scheme the potential sites, in α-Syn C-terminal region, are represented, 
subjected to post-translational modifications, including phosphorylation, ubiquitylation, 
tissue transglutaminase cross-linking and truncation (adapted from Oueslati et al., 2016).   

 

4.1 Phosphorylation 

An increasing body of evidence links phosphorylation of α-Syn to LB 

formation (Rieker et al., 2011). Phosphorylated α-Syn at S129 has been identified as 

the primary component of LBs (Fujiwara, et al., 2002). Although phosphorylation of 

other serine (S87) (Paleologou et al., 2010) and tyrosine (Y125, Y133, Y136) (Chen et 
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al., 2009) residues has been observed, phosphorylation at S129 remains the 

predominant PTM associated with aggregated α-Syn (Fujiwara, et al., 2002). Indeed, 

under normal conditions, only a small fraction (>4%) of α-Syn is constitutively 

phosphorylated at S129 in the brain (Muntante et., 2012; Hasegawa et al., 2002; 

Fujiwara et al., 2002), whereas a dramatic accumulation (<90%) of pS129 has been 

observed in the brains of patients suffering from synucleinopathies (Kahle et al., 

2000; Okochi et al., 2000; Fujiwara et al., 2002; Anderson et al., 2006), as well as in 

transgenic animal models of PD (Neumann et al., 2002; Takahashi et al., 2003; 

Yamada et al., 2004; Chen et al., 2005). Despite extensive research, there is still no 

consensus on the effect of phosphorylation on α-Synuclein-mediated toxicity and 

aggregation, as the results in different model systems are controversial (Tenreiroet 

al., 2014). Several studies did not observe effects of α-Syn phosphorylation at S129 

on α-Syn-mediated toxicity and aggregation (Azeredo da Silveira et al., 2009). Studies 

in Drosophila melanogaster (Chen et al., 2005) and transgenic mouse models 

(Freichel et al., 2007) revealed pathogenic roles of α-Syn S129 phosphorylation. 

Studies in rats (Gorbatyuk et al., 2008) and Caenorhabditis elegans (Kuwahara et al., 

2012) showed an opposite protective effect of S129 phosphorylation against 

neuronal dysfunction. 

In mammalian cell lines and primary neuronal culture, the addition of small 

amounts of exogenous α-Syn pre-formed fibrils (PFFs) seeds the formation of 

intracellular α-Syn aggregates recapitulating the main features of LBs. Using this cell-

based assay, Luk and colleagues showed that phosphorylation is not required for the 

formation of intracellular LB-like inclusions (Luk et al., 2009). Moreover, the addition 

of truncated α-Syn (1–120) PFFs to cells stably overexpressing wild type α-Syn 

induced the formation of pS129-positive inclusions. Interestingly, this phospho 

signal, which does not occur within the truncated PFFs, originates from the newly 

recruited endogenous α-Syn and implies that phosphorylation may occur after 

inclusion formation (Luk et al., 2009; Volpicelli-Daley et al., 2011). 

Several kinases participate in α-Syn S129 phosphorylation in human cells. This 

includes the Polo-like kinases (PLKs) 1-3, the G protein-coupled receptor kinases 

(GRKs), the casein kinases (CK) 1 and 2, and the leucine-rich repeat kinase 2 (LRRK2) 

(Pronin et al., 2000; Waxman et al., 2008; Qing et al., 2009; Oueslati et al., 2013). 
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PLK2 is the most efficient Polo-like kinase phosphorylating α-Synat S129 (Inglis et al., 

2009; Mbefo et al., 2010 Salvi et al., 2010). Phosphorylation of α-Syn by GRK5 may 

also play a role in the pathogenesis of PD (Arawaka et al., 2006).It has been shown 

that GRK overexpression was associated with an increase of pS129 levels and an 

enhanced cellular loss (Chen et al., 2005; Sato et al., 2011), suggesting that GRK-

mediated phosphorylation of α-Syn exacerbates its toxicity in vivo. Furthermore, 

studies have shown increased PLK2 expression in the brains of aging primates, with 

concomitant increases in phosphorylated α-Syn at S129 (McCormack et al., 2012). In 

transgenic mice overexpressing WT α-Syn, PLK2 was found to co-localize with 

phosphorylated α-Syn (Mbefo et al., 2010). Recent studies in cell culture 

demonstrated that overexpression of PLK2 kinase affected total α-Syn levels. This 

significant decrease of α-Syn levels could only be reversed upon lysosomal inhibition 

(Oueslati et al., 2013; Dahmene et al., 2017). In contradiction to these findings, a 

study in cell models and in mouse brains proposed that PLK2-mediated regulation of 

α-Syn reflected a modulation in mRNA levels of α-Syn rather than a degradative 

effect through autophagy (Kofoed et al., 2017). Further, phosphoprotein 

phosphatase 2A (PP2A), a phosphatase that dephosphorylates residue S129, has 

been shown to attenuate the formation of pathogenic aggregates in the aging mouse 

brain (Lee et al., 2011). In the human brain and in vitro studies, α-Syn accumulation 

was associated with a reduction in PP2A activity (Wu et al., 2012). 

The effects of α-Syn phosphorylation extend beyond inclusion body 

formation. While the mechanisms of pathogenicity remain unclear, S129 

phosphorylation has been implicated in other pathogenic hallmarks of PD (Zhou et 

al., 2010). Phosphorylation at S129 accelerated neuronal loss and axonal 

degeneration in transgenic mice expressing α-Syn as compared to wildtype and 

phosphorylation-deficient mice (Schell et al., 2009). It has been reported that S129 

phosphorylation of α-Syn is linked to the formation of reactive oxygen species (ROS), 

superoxide formation and mitochondrial dysfunction (Perfeito et al., 2014). Other 

studies have shown that S129 phosphorylation is associated with neuronal cell 

death, mitochondrial damage and potential endoplasmic reticulum-Golgi trafficking 

disruption (Karampetsou et al., 2017; Suego et al., 2008). Together, these studies 



 
 

26 

demonstrate the importance of α-Syn phosphorylation in PD-associated 

pathogenicity. 

4.2 Ubiquitylation 

Several studies have shown that a large proportion of LBs present in the 

substantianigra, the locus coeruleus, the hippocampus and the cortex of patients 

with PD and related disorders, are positive for α-Syn (Baba et al., 1998; Spillantini et 

al., 1997, 1998) and ubiquitin (Gomez-Tortosa et al., 2000). Moreover, co-localization 

of α-Syn and ubiquitin has been found both in LN (e.g. in the hippocampus) 

(GomezTortosa et al., 2000) and in the glial cytoplasmic inclusions (GCI) in MSA. 

Despite the presence of ubiquitin chains in LB inclusions only a small fraction of 

aggregated α-Syn is ubiquitinated. It has been found that monoubiquitination 

promoted by SIAH leads to a marked increase in the in vitro and in vivo aggregation 

of α-Syn. These findings suggest that ubiquitination of α-Syn is not essential for 

inclusion formation in vivo, as evidenced by the fact that not all α-Syn inclusions in 

TG mouse models are ubiquitinated (Sampathu et al., 2003; van der Putten et al., 

2000).  

α-Syn ubiquitination in vivo has been proposed to occur at the K6, K10, and 

K12 residuesvia  three E3 ubiquitin-protein ligases Parkin, ubiquitin carboxy-terminal 

hydrolase L1 (UCH-L1) and seven in absentia homologue (SIAH) (Liani et al., 2004; 

Lee et al., 2008; Rott et al., 2008). Interestingly, the majority of α-Syn species found 

in LBs are mono- or di-ubiquitinated (Hasegawa et al., 2002; Sampathu et al., 2003; 

Nonaka et al., 2005; Anderson et al., 2006). SIAH1 has been shown to mono-

ubiquitinate α-Syn at lysine residues K12, K21, K23, K32, and K34, sites that were 

previously found to be ubiquitinated in LBs (Engelendeet al., 2008). After mono-

ubiquitination by SIAH1, α-Syn aggregation increased significantly both in vitro and in 

vivo. Mono-ubiquitinated α-Syn has been shown to increase aggregation and 

inclusion body formation in dopaminergic neurons (Rott et al., 2008). Also, the 

suppression of SIAH expression has been found to abolish completely α-Syn 

ubiquitination (Lee et al., 2008; Rott et al., 2008). Additionally, Siah-1- or Siah-2-

mediated ubiquitination enhances the aggregation of α-Syn and formation of α-Syn-

positive inclusion in PC12 cells and SH-SY5Y human neuroblastoma (Lee et al., 2008; 
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Rott et al., 2008). Interestingly, the SIAH-ubiquitinated α-Syn was reported to 

enhance the aggregation of non-ubiquitinated α-Syn (Rott et al., 2008), suggesting 

that ubiquitinated α-Syn may promote aggregation by seeding the non-ubiquitinated 

forms. Moreover, knockdown of ubiquitin carboxyl-terminal hydrolase 8 (USP8), 

which co-localizes with membrane-associated α-Syn and cleaves ubiquitin chains 

from K63, increased the rate of α-Syn aggregate clearance both in vitro and in vivo 

(Alexopoulou et al., 2016). However, WT deubiquitinase USP19 promoted in vitro 

secretion of misfoldedα-Syn and protein “seeding” in a dose-dependent manner (Xu 

et al., 2013). 

In Drosophila and rat models (Haywood and Staveley, 2004; Yang et al., 2003; 

Lo Bianco et al., 2002), Parkin over-expression protects against α-Syn induced 

toxicity without modifying α-Syn levels. Furthermore, Lee and collaborators 

demonstrated that the over-expression of ubiquitin has no effect per se on overall 

adult retinal or dopaminergic neuronal structure or viability (Lee et al., 2009), but co-

expression of ubiquitin and α-Syn suppresses α-Syn-induced motor impairment 

(negative geotactic locomotor response) and cell degeneration in Drosophila eyes 

and in the DM1 cluster of dopaminergic neurons.  

4.3 Sumoylation 

Sumoylation is a PTM implicated in multiple brain disorders, i.e. AD, HD, 

cerebral hypoxia, ischemia (Oh et al., 2011). In the case of PD pathology, there is 

growing evidence that sumoylationis involved in α-Syn regulation. The sumoylation 

of α-Syn was shown both in cultured cells and in mammalian brain (Machiya et al., 

2010; Oueslati et al., 2013), mainly at K96 and K102. Sumoylation of α-Syn 

significantly delayed or even blocked the aggregation and fibrillization of α-Syn by an 

unknown mechanism (Machiya et al., 2010), suggesting that it enhances the 

solubility of α-Syn. Despite the growing evidence that α-Syn sumoylation increases 

protein solubility, a recent study demonstrated that sumoylation by PIAS2 facilitates 

α-Syn aggregation by blocking its ubiquitin-dependent degradation pathways and 

promoting its accumulation (Rott et al., 2011). Furthermore, it has been suggested 

that the steady state levels of sumoylated α-Syn remained unaffected in response to 

proteasomal inhibition in non-neuronal cells (Ouslati et al 2013). In support of these 
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results, a study in yeast cells showed that sumoylation, in interplay with 

phosphorylation, leads to α-Syn degradation primarily through autophagy 

(Shahpasandzadeh et al., 2014). Controversial studies support that proteasomal 

inhibition induces α-Syn sumoylation and aggregate formation, and the E3 SUMO 

ligase, hPc2, has a key role in this process (Oh et al., 2011). 

4.4 Truncation 

In LBs, not only full-length, but also truncated α-Syn is accumulated (Baba et 

al., 1998). Truncation is a common post-translational modification that is not specific 

to the diseased brain, and about 15% of α-Syn is truncated even in the brain of 

healthy individuals (Muntante et al., 2012). In the diseased brain, both N-terminally 

and C-terminally truncated α-Syn species are present (Kellie et al., 2014). It has been 

suggested that truncated species can originate from the incomplete degradation of 

α-Syn by the proteasome (Liu et al., 2005) and lysosomes, with cathepsin D being the 

main lysosomal enzyme degrading its C-terminus extreme (Sevlever et al., 2008).  

Overexpression of truncated α-Syn or co-existence of truncated and full-length α-Syn 

can enhance aggregation and neurodegeneration both in vitro (Murray et al., 2003; 

Liu et al., 2005) and in vivo (Periquet et al., 2007; Michell et al., 2007). Although it 

has been suggested that truncation has an important influence on α-Syn aggregation 

(Liu et al., 2005; Li et al., 2005), very few studies have focused on the effect of 

truncation on prion-like propagation. Terada et al. showed that truncation of α-Syn 

can influence its prion-like pathogenicity, resulting in phenotypic diversity of 

synucleinopathies (Terrada et al., 2018). 

 

5. Degradation pathways involved in α-Syn turnover 

As described above, the aggregation of α-Syn has emerged as the most 

important player in the neurodegenerative process that occurs in the context of PD 

and other synucleinopathies. One of the critical factors controlling the aggregation 

process of α-Syn is the protein levels, which are regulated by a balanced equilibrium 

between synthesis, degradation, and secretion of the protein. For that reason, it is 

important to understand the pathways through which α-Syn is not only produced, 

but also cleared from cells, as dysfunction of such systems may lead to aberrant 
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accumulation of α-Syn. Although, the mechanisms governing α-Syn turnover remains 

contentious, the degradation of α-Syn, and its multiple conformational states, are 

thought to depend on two major intracellular protein degradation pathways; the 

ubiquitin proteasome system (UPS), and the autophagy-lysosome pathway (ALP) 

(macroautophagy, microautophagy and CMA) (Fig. 5). Impairment of either may 

result in accumulation of α-Syn leading to the development of PD. The UPS is 

considered to degrade mostly short-lived, soluble proteins (Goldberg AL et al., 2003), 

while the ALP is responsible for the bulkdegradation of longer-lived macromolecules, 

cytosolic components, and dysfunctional organelles (Klionsky et al., 2000). These 

proteolytic systems are functionally connected, such that impairment of one 

influences the other. It is especially important to understand if there are different 

clearance systems for clearing different forms of α-Syn, occurring at physiological 

circumstances or under pathological conditions.  

 

Figure 5.  An illustration of protein quality control in the cell. Chaperones help fold nascent 
polypeptides, unfold misfolded proteins and refold them, and channel terminally misfolded 
proteins for degradation by the ubiquitin–proteasome system (UPS) or chaperone-mediated 
autophagy (CMA). When escaped from targeted degradation, misfolded proteins form 
aggregates via hydrophobic interactions. Aggregated proteins can be selectively targeted by 
macroautophagy to, and degraded by, the lysosome (adapted from Ciechanover et al., 
2015). 
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5.1 Degradation machineries 

The Ubiquitin-Proteasome System (UPS) 

Protein degradation through the UPS, a major system for degradation of 

short-lived proteins, consists of two distinct and consecutive steps. The first step 

involves the covalent attachment of the highly conserved 76-residue protein 

ubiquitin to surface-exposed lysine residues of the target protein (Glickman et al., 

2002). Ubiquitination is accomplished via a three-step cascade mechanism, where 

each step is catalyzed by ubiquitin-activating (E1), ubiquitin-conjugating (E2), and 

ubiquitin-ligase (E3) enzymes. Following the initial conjugation of ubiquitin, 

polyubiquitination of the substrate occurs through the sequential transfer of 

ubiquitin molecules—minimum of four ubiquitin moieties— generating a 

polyubiquitin chain (Layfield et al., 2001;Glickman et al., 2002; Gallastegui et al., 

2010) (Fig. 6). In the second step, this polyubiquitin chain is recognized by the 

proteolytic core engine of the UPS, the 26S proteasome complex, which in turn 

degrades the substrate protein into defined oligopeptides with the release of free 

and reusable ubiquitin. The removal of the ubiquitin molecule is mediated by 

ubiquitin recycling enzymes (Glickman et al., 2002; Ardley et al., 2005). The 26S 

proteasome comprises of two multimeric protein complexes, the 20S barrel-shaped 

core particle, where actual proteolysis occurs, and the 19S regulatory particle that 

regulates the function of the 20S (Goldberg et al., 2003; Crews et al., 2003, 

Benaroudj et al., 2003). The substrate specificity and selectivity of the proteasome is 

achieved by two distinct groups of proteins, the E3 ligases that catalyze substrate 

recognition prior to their ubiquitination and the proteasome ancillary proteins that 

recognize ubiquitinated substrates through their ubiquitin binding domains 

(Glickman et al., 2002). Proteasome regulation is tightly controlled by the ATPase 

subunits of the 19S complex that unfold the substrate and permit the gate opening 

of the 20S proteasomefor subsequent degradation (Demartino et al., 2007). 

Alternatively, degradation of target proteins may take place without the addition of 

polyubiquitin chains, with the participation of regulatory non-ATPase complexes, 

such as the PA28 activator, resulting in ubiquitin-independent proteolysis 

(Demartino et al., 2007). 



 
 

31 

 

 

 

 

 

 

 

Figure 6. An illustration of the ubiquitin–proteasome system-mediated proteolysis. A 
protein substrate molecule is first covalently tagged with a chain of ubiquitin protein 
molecules, a process known as ubiquitylation. Ubiquitylation is performed by a cascade of 
enzymatic reactions catalyzed sequentially by E1 (Ub activating enzyme), E2 (Ub conjugating 
enzyme), and E3 (Ub ligase). The conjugated Ub can be removed from the substrate via a 
process known as deubiquitylation, which counters ubiquitylation and is performed by 
deubiquitinating enzymes (DUBs). Ubiquitinated substrates may be directly recognized and 
bound by the 19S proteasome (19S), but often require extra-proteasomal Ub receptor 
proteins (i.e., UBA-UBL proteins) to be delivered to, and degraded by, the 26S proteasome 
(26S). The 26S consists of a 20S proteasome (20S) and the 19S regulatory particle (19S) 
associated with one or both ends of the 20S (adapted from Ciechanover et al., 2015). 
 

The Autophagy-Lysosome Pathway (ALP) 

In contrast to the UPS, the ALP proteolytic machinery is responsible for the 

vesicle-mediated degradation of long-lived proteins, and through the process of 

macroautophagy, the ALP can also degrade cellular organelles. In lysosomes, 

degradation of cytoplasmic components is achieved through three subtypes of 

autophagic pathways: microautophagy, macroautophagy, and chaperone-mediated 

autophagy (CMA) (Levine et al., 2004). In microautophagy, direct delivery and 

digestion of the cellular constituents (including organelles, lipids, or proteins) is 

accomplished through invaginations at the level of the lysosomal membrane, which 

eventually round up into vesicles (Muller et al., 2000). Macroautophagy is a tightly 

regulated process, in which double-membrane structures (cup- or rod-shaped) called 

phagophores are formed and engulf organelles and/or other intracellular 

constituents, generating the autophagic vacuoles (AVs). Sequentially, the AVs fuse 

with the lysosome creating the autophagolysosome, wherein eventually the 

vesicular components are being degraded. In neurons, AVs can be found at long 

distances from the lysosomes (which are mainly located perinuclearly), for example 

along neuronal processes (Hollenbeck et al., 1993), they then move to a perinuclear 
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location to fuse with the lysosomes. Thus, efficient function of this pathway requires 

proper cellular transport machinery.  

In general, macroautophagy (Fig. 7) consists of several sequential steps: (1) 

formation of AVs, which includes initiation, nucleation, cargo recognition, expansion, 

and completion; (2) maturation, transport, and fusion of AVs with lysosomes; and (3) 

degradation of the constituents in the acidic environment of the 

autophagolysosomes by lysosomal proteases (Xilouri et al., 2010). A plethora of 

autophagy-related genes (ATG) involved in the above processes has been well 

characterized in yeast and more recently in mammals (Ohsumi et al., 2001; Klionsky 

et al., 2005). Macroautophagy occurs constitutively in cells (basal macroautophagy), 

but is markedly induced under certain conditions (induced macroautophagy). Amino 

acid deprivation and insulin/growth factor signals are thought to converge on the 

serine/threonine kinase mammalian target of rapamycin (mTOR), which is a master 

regulator of nutrient signaling (Jung et al., 2010). However, it is important to note 

that macroautophagy can be induced by mTOR-dependent and mTOR-independent 

pathways (Ravikumar et al., 2010; He et al., 2009). 

Figure 7. Autophagosome formation and lysosomal degradation. Autophagosome 
formation can be triggered when the mTOR complex is inhibited by various stressors, such as 
starvation. This induces the assembly of the ULK protein complex composed of ULK1, Atg13 
and FIP200 at the isolation membrane, which, in turn, activates the formation of the Beclin-
1/PI3KC3 complex composed of Beclin-1, UVRAG, Bif-1, Ambra1, Vps15 and Vps34. During 
the elongation of the isolation membrane, the Atg5-Atg12-Atg16L1 complex mediates the 
conjugation of PE to LC3-I, generating LC3-II that relocates from the cytosol to the 
autophagic membrane and is anchored on its surface. The resulting autophagic membrane 
structures—autophagosomes—are fused with lysosomes to form autolysosomes, wherein 
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cargoes, including misfolded proteins, are degraded by lysosomal hydrolases (adapted from 
Ciechonover et al., 2015). 

 

CMA is a highly selective mechanism in which cytosolic proteins bearing the 

specific pentapeptide KFERQ motif, or a biochemically related one, are recognized by 

a complex of chaperones and co-chaperones in the cytosol. Sequentially, they are 

translocated one by one to the lysosomal membrane, where they bind to another 

complex and through this binding they are finally threaded into the lysosomes and 

degraded (Chiang et al., 1989; Cuervo et al., 1997; Cuervo et al., 1996; Agarraberes 

et al., 2001; Bandyopadhyay et al., 2008). The complex involved in substrate 

recognition comprises of the heat shock cognate protein of 70 kDa (Hsc70) and 

Hsc70 co-chaperones. The main element in the lysosomal membrane complex is the 

lysosome-associated membrane protein type 2a (LAMP-2a), an alternatively spliced 

form of the Lamp2 gene, and the only one known to participate in CMA (Hatem et 

al., 1995). The substrate protein is degraded after unfolding and translocation into 

the lysosomal lumen, with the help of lysosomal Hsc70. CMA activity is directly 

dependent on the levels of LAMP-2a at the lysosomal membrane and on lys-hsc70 

levels in the lysosomal lumen (Cuervo et al., 2000, Cuervo et al., 1995; Agarraberes 

et al., 1997). Basal levels of CMA activity are detectable—although variable—in most 

cells and tissues, but CMA is often up-regulated under conditions of stress or 

nutrient deprivation (Martinez-Vicente et al., 2007).  

Macroautophagy and CMA are interconnected; experimental blockage of one 

up-regulates the other, revealing a close cross-talk between the two major 

mammalian autophagic pathways (Vogiatzi et al., 2008; Massey et al, 2006; Wang et 

al., 2007; Kaushik et al., 2008). Importantly, CMA activity declines with age in almost 

all tissues analyzed so far, mainly as a consequence of decreased LAMP2a levels at 

the lysosomal membrane (Cuervo et al., 2000). In various cell systems, 

overexpression of LAMP-2a is able to ameliorate CMA function, indicating that 

increased LAMP-2a is sufficient for this effect (Cuervo et al., 2000; Zhang et al., 2008) 

and stressing the importance of LAMP-2a as a rate-limiting step in the pathway. 

Recently, studies reveal a crosstalk between macroautophagic pathway with 

the endocytic and exocytic pathways. This includes the formation of amphisomes 
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through the fusion of multivesicular bodies (MVBs) or late endosomes (LEs) with 

autophagosomes (Xilouri et al., 2016; Tekirdag and Cuervo, 2018). These pathways 

also interact with microautophagy, and more specifically eMI. In this case substrate 

proteins are recognized through the same pentapeptide sequence as in CMA, in 

order to bind with Hsc70. Subsequently, this complex incorporates in late 

endosomes or MVBs, where it can be degraded directly, or following fusion with 

lysosomes. Alternatively, such proteins can follow a different path and can be 

targeted for secretion within extracellular vesicles, namedexosomes (Tekirdag and 

Cuervo, 2018). 

5.2 Which degradation pathway(s) α-Syn follows? 

Despite the increasing number of publications, the exact degradation 

pathway α-Syn follows remains controversial. The first study that advanced the 

possibility that the proteasome has a potential role in α-Syn clearance showed that 

two UPS-related proteins, Parkin and UCH-L1, were encoded by genes with genetic 

links to PD (Leory et al., 1998; Kitada et al., 1998; Maragance et al., 2004). Also, it has 

been demonstrated that both 20S and 26S proteasomes degrade α-Syn in purified 

systems (Bennet et al., 1999; Tofaris et al., 2001; Webb et al., 2003; Tofaris et al., 

2011; Shabek et al., 2012). More specifically, the primary studies demonstrated that 

polyubiquitinated α-Syn was accumulated in neuronal cells when the proteasome 

was inhibited. Although, subsequent papers showed that α-Syn does not need to be 

ubiquitinated in order to be degraded by the proteasome (Tofaris et al., 2001; 

Nakajima et al., 2005; Machiya et al., 2010). In contrast, more recent studies have 

failed to detect accumulation of endogenous or over-expressed α-Syn upon 

proteasomal inhibition in cell lines and in primary neurons (Rideout et al. 2001-2002; 

Vogiatzi et al. 2008). It has been found that only very specific species of α-Syn, 

comprising of small, soluble oligomers, are degraded through the UPS 

(Emmanouilidou et al., 2010), whereas  large oligomeric forms can be cleared only by 

the ALP but not by the UPS. Interestingly, the same species appear to cause 

proteasomal dysfunction in their attempt to be degraded (Emmanouilidou et al., 

2010). Furthemore, it has been demonstrated that upon proteolytic inhibition, 

monoubiquitination of α-Syn by the E3 ubiquitin-ligase SIAH led to a marked increase 
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in α-Syn aggregation and formation of toxic inclusions (Liami et al., 2004, Lee et al., 

2008). 

There are also some in vivo studies, which support the involvement of the 

UPS in α-Syn degradation. Firstly, it has been demonstrated that conditional ablation 

of the Psmc1 subunit of the 26S proteasome in nigral or forebrain neurons leads to 

formation ofintraneuronal LB-like inclusions immunoreactive for ubiquitin and α-Syn 

and extensive neurodegeneration (Bedford et al., 2008). Moreover, using selective 

pharmacological inhibitors against the UPS and the ALP and multiphoton imaging in 

different α-Syn transgenic mouse models, the authors proposed that the pathway 

recruited to degrade α-Syn depends on the protein burden inside the cell. According 

to their findings, the UPS degrades α-Syn under homeostatic conditions and 

conditions of increased protein burden, whereas ALP only takes over in pathologic 

conditions when α-Syn levels are elevated (Ebrahimi-Fakhari et al., 2011). 

Several studies have shown that a significant portion of the degradation of α-

Syn in neuronal systems occurs through the lysosomal pathways of CMA and 

macroautophagy. The first indication about the lysosomal implication in the 

clearance of α-Syn came from Paxinou et al., who showed that in HEK 293 cells α-Syn 

accumulated upon lysosomal inhibition with ammonium chloride, but not upon 

proteasomal inhibition (Paxinou et al., 2001). In agreement with this, α-Syn was 

found to be located within lysosomal compartments of cultured neuronal cells 

(Webb et al., 2003). In the same study the authors also examined the degradation of 

two PD-linked mutants A53T, A30P and of wild-type α-Syn using pharmacological 

inhibitors for the lysosome and the proteasome in PC12 cells. They found that 

A53Twas degraded both by the lysosome and the proteasome, whereas A30P and 

WT α-Syn were degraded mainly by the proteasome. Although, when 

macroautophagy was enhanced, all above types of α-Syn presented an increase in 

clearance (Web et al., 2003).The reduction of WT α-Syn upon pharmacological and 

molecular enhancement of macroautophagy was further confirmed by the Masliah 

lab. They also extended their experiments in vivo, where they enhanced 

macroautophagy by transducing the macroautophagy-inducing protein beclin-1 in a 

transgenic mouse model and they observed a reduction of α-Syn-related 

neuropathological effects. 
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A very elegant study by Cuervo et al. (2004), suggested for the first time the 

implication of a non-macroautophagy-dependent lysosomal pathway in degradation 

of α-Syn. This report showed that general lysosomal inhibition with ammonium 

chloride led to a very significant prolongation of the half-life of endogenous α-Syn in 

rat midbrain dopaminergic cultures and of overexpressed WT human AS in PC12 

cells, whereas 3-MA had little or no effect.  This finding was further confirmed by the 

fact that WT α-Syn could be degraded in isolated liver lysosomes through the 

selective process of CMA in a fashion dependent on the pentapeptide recognition 

motif 95VKKDQ99 present within α-Syn. In contrast, the A30P and A53T α-Syn PD-

linked mutants were found to act as inhibitors of CMA degradation of other 

substrates because they bind strongly to LAMP-2a, but without being able to be 

internalized anddegraded (Cuervo et al., 2004). Complementary to the previous 

findings, accumulation of α-Syn protein, but not mRNA, in cultured neuronal cells 

and primary cortical and ventral midbrain dopaminergic neurons was observed by 

using siRNAs against LAMP-2a, the rate-limiting step in CMA (Vogiatzi et al., 2008). 

Supportive findings suggested that a mutant form of α-Syn lacking the targeting 

pentapeptide motif was degraded more slowly than the WT protein in neuronal cells. 

Pharmacological inhibition of macroautophagy via 3-MA also led to a more modest 

accumulation of α-Syn in such cellular systems. Moreover, detergent-insoluble or 

high molecular weight oligomeric α-Syn conformations also increased following CMA 

inhibition, suggesting that CMA dysfunction could eventually lead to α-Syn-related 

pathology; although this increase is likely a secondary effect of the increase of the 

monomeric α-Syn, given that CMA has been found to degrade only monomeric or 

dimeric α-Syn (Martinez-Vicente et al., 2008). Lee et al. (2004) showed that general 

inhibition of the lysosome, but not inhibition of macroautophagy via 3-MA, led to 

the stabilization of intermediate SDS-stable α-Syn oligomeric forms, without 

changing the more mature α-Syn aggregates or monomeric α-Syn (Lee et al., 2004). 

As CMA cannot degrade α-Synoligomeric forms, eMI or some other endosomal-

lysosomal pathway could be responsible for this selective clearance of α-Syn 

oligomers. Tanik et al. (2013) used a model of seeding of intracellular α-Syn by 

exogenous α-Syn fibrils, and observed that the formed aggregates were resistant to 

proteolytic clearance even by macroautophagy, in agreement with the study of Lee 
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et al. (2004). Collectively these data show that protein quality control mechanisms 

play an essential role for the accumulation of misfolded and oligomeric protein 

species in neurodegenerative diseases.   

5.3 Degradation of pS129 α-Syn 

As it has been demonstrated, pS129 α-Syn plays a pivotal role in PD, so the 

degradation pathways that are involved could possibly represent a viable 

therapeutic target. The first indication about the degradation of pS129 α-Syn by the 

proteasomecame from the increased levels of pS129 in cultured cells and in primary 

neurons upon proteasomal inhibition (Waxman and Giasson, 2008). Recent studies 

in SH-SY5Y neuroblastoma cells and in rat cortical primary cultures further 

established the involvement of the proteasomal system in the degradation of pS129 

α-Syn (Machiya et al., 2010). Machiya et al. also showed that pS129 α-Syn half-life 

was significantly shorter in contrast to total α-Syn upon inhibition of protein 

biosynthesis, indicative for targeted degradation of phosphorylated α-Syn. In this 

case, proteasomal inhibition stabilized pS129 α-Syn and increased its half-life, 

suggesting that the proteasomal pathway is responsible for pS129 α-Syn turnover. 

(Machiya et al., 2010). Distinct proteasomal substrates, i.e. proteins with intrinsic 

disordered sequences, could be degraded in a ubiquitin-independent manner mainly 

through regulation of the 20S proteasome (Ben-Nissan and Sharon, 2014). It has 

been shown that PA200 activates the 20S proteasome and subsequently could 

mediate tau degradation in a ubiquitin-independent manner (Dange et al., 2011; 

David et al., 2002). Although pS129 α-Syn is considered to be a proteasomal 

substrate, ubiquitin modification is not required for its turnover (Machiya et al., 

2010). Recent findings demonstrated that insoluble pS129 α-Syn could be degraded 

by both the proteasome and the lysosome, indicating a differential targeting 

dependent on α-Syn’s conformational states (Arawaka et al., 2017; Peng et al., 

2018). 

Crosstalk among different PTMs, i.e. phosphorylation, ubiquitylation, 

sumoylation, has been reported to affect protein stability. In vitro studies 

demonstrated that the length of ubiquitin chain and the crosstalk between N-

terminal polyubiquitylation and C-terminal phosphorylation of α-Syn regulates α-Syn 
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fibril formation, phosphorylation and clearance (Haj-Yahya et al., 2013). Studies in 

yeast cells showed that the interplay between sumoylation and phosphorylation 

appears to differentially degrade α-Syn in an autophagic- or proteasomal- dependent 

manner, respectively (Shahpasandzadeh et al., 2014). Seemingly, the degradation 

mechanism(s) involved in pS129 α-Syn turnover could be related to α-Syn’s 

differential conformational states, or to the interplay among distinct PTMs 

The equilibrium between synthesis and degradation of α-Syn determines the 

protein levels as an important determinant of PD pathogenesis and progression.The 

pathways of α-Syn degradation remain controversial. The manner ofα-Syn clearance 

is likely dependent upon the overall protein burden, the assembly state of the 

protein, the homeostatic environment of the particular cell type, and the stage of 

the pathogenic process. Post-translational modifications of α-Syn, such as 

phosphorylation, sumoylation, and ubiquitination, are prominent in PD and are 

involved in α-Syn aggregation and clearance. A deeper understanding of the 

interplay between α-Syn modifications and degradation pathways is needed. Insights 

in the involved molecular mechanisms will open new therapeutic strategies for 

Parkinson patients because they may enable a more specific targeting of α-Syn to 

cellular clearance pathways. 
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B. Aim of the study 

Genetic, neuropathological and biochemical data all point to a major role of 

the presynaptic protein α-Syn in the pathogenesis of PD and related 

synucleinopathies. Moreover, PTMs, and in particular phosphorylation at serine 129, 

are thought to play a role in the formation of the aberrant conformations, i.e. 

oligomeric and fibrillar α-Syn, affecting neuronal homeostasis, although the valence 

of the effect of phosphorylation is still controversial. The mechanisms governing α-

Syn degradation remain a subject of debate, but it is generally acknowledged that 

the degradation of α-Syn, and its multiple conformational states, depends on two 

major intracellular protein degradation pathways; the UPS, and the autophagy-

lysosome pathway (macroautophagy, microautophagy and CMA) (Vekrellis et al., 

2011). Impairment of either may result in accumulation of α-Syn, leading to the 

development of PD and related synucleinopathies.  

An aspect of α-Syn degradation that has not been studied to any great extent 

is the manner of clearance of aggregated α-Syn species that form in neuronal cells 

following seeding.  In fact, work from the Virginia Lee lab (Tanik et al., 2013) suggests 

that such fully aggregated forms of α-Syn resulting from seeding are resistant to 

degradation.The pathways involved in the degradation of α-Syn conformations that 

are in the process of being formed following seeding, and may be more accessible to 

clearance systems, are largely unknown. We undertook the present study in order to 

examine whether aggregated forms of α-Syn resulting from seeding can be cleared 

by intracellular degradation systems.   

To this end, we have taken advantage of a cellular neuronal system of 

inducible expression of untagged WT α-Syn available in the lab (Vekrellis et al., 

2009).  This system enables, through the suppression of α-Syn expression following a 

period of induction, the study of its clearance.  Our aim was to expose these cells to 

α-Syn fibrils (PFFs), and to thus induce seeding of endogenous α-Syn, and then 

examine, following shut-down of endogenous α-Syn expression, the intracellular 

pathways involved in clearance of both total and phosphorylated seeded α-Syn.  
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Ultimately, this study aims at improving the understanding of the 

mechanisms of α-Syn metabolism in the nervous system, intricately linked to PD 

development, accelerating druggability and therapeutic approaches. 
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C. Materials and methods 

1. Cell culture 

SH-SY5Y cells were cultured in RPMI 1640, 10% fetal bovine serum, penicillin 

(100 IU/ml) and streptomycin (100 µg/ml). Stable cells inducibly over-expressing WT 

human α-Syn were maintained in 250μg/mL G418 and 50μg/mL Hygromycin B. α-Syn 

expression was switched off with doxycyclin (DOX) (1μg/ml). Stock cultures were 

kept in the presence of DOX. 20μM all-trans RA (Sigma, St Louis, MO, USA) was used 

to differentiate the cells (11.5 x103cells/cm2).  

2. Pre-formed fibrils (PFFs) treatment 

PFFs, provided by Ronald Melki and Luc Bousset (Institut des Neurosciences 

Paris-Saclay– CNRS, Paris, France), were used in order to trigger the seeding of 

endogenous α-Syn. The PFFs (5μg/μl) were stored at -80oC and incubated for 3 min 

at 370C, before use.  PFFs, diluted in PBS, were added to cells at the 4th day of 

differentiation.  

3. Pharmacological inhibition of the proteasome and the lysosome 

In order to block the function of the proteasome and the lysosome we used 

selective pharmacological inhibitors such us epoxomicin (selective, irreversible and 

cell-permeable 20S proteasome inhibitor, predominantly inhibits the chymotrypsin-

like activity) and bafilomycin (prevents lysosomal function by inhibiting vacuolar 

proton ATPase but also blocks fusion of autophagosomes to lysosomes). Before each 

time point, epoxomicin (20nM) or bafilomycin (100nM) was added in the medium 

and the cells were incubated for 24 h at 37o C. 

4. Immunocytochemistry (24-well plate) 

Coating was performed by adding 250 μl of PDL in each well (0.1 mg /ml stock 

solution, 20x) for 1h at room temperature (RT). Following this, 50μl of cells were 

plated per coverslip (10.000-15.000 cells/coverslip). After 30min-incubation at 37 0C, 

500μl of medium was added. For each time point the cells were washed 2x with PBS 

and then with Trypsin-EDTA (0.05%), diluted 20x in PBS for 1 min, in order to clear 

off residual PFFs that are not uptaken by the cells. Fixation of the cells was 

performed with 3.7% formaldehyde diluted in PBS (stock solution 36,5%) for 20 min 
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at RT.Blocking and permeabilization of the cells was performed with 80μl of 10% 

normal goat serum (NGS)/0.4% triton-X100/PBS and incubated for 60’ at RT. Primary 

antibodies (listed in Table 1) were dilluted in 50μl of 2% NGS/ 0.1% Triton-X 100/ 

PBS and incubated over night at 40C. 50 μl of secondary antibody (1:2000), diluted in 

2% NGS/ 0.1% Triton-X 100/PBS, was added and incubated for 1h at RT. The cells 

were washed with PBS and TO-PRO (1:2000) or DAPI (1:2000), diluted in 2% NGS/ 

0.1% Triton-X 100/PBS was added for 10 min at RT. After two washing steps with PBS 

the coverslips were mounted with mounting medium on glass slides.Fluorescent 

images were obtained with a Leica SP5-II upright confocal microscope and processed 

using the LAS AF (Leica Microsystems). 

5. Membrane fractionation 

For the biochemical analysis of total and pS129 α-Syn, the cells were 

harvested from 10cm2 plates (106-1.5*106cells/ plate) by using Trypsin-EDTA (0.05%) 

for 5 min at 37o C. Serum was added for deactivation of Trypsin. The cells were 

centrifuged at 1500 rpm for 5 min and washed 3x with ice cold PBS. After this step 

the cell-pellets were stored at −20°C until further use. Sequential fractionation with 

two different detergents, triton X-100 (soluble protein faction) and SDS (insoluble 

protein fraction) was performed. The cell-pellets were resuspended in STET buffer 

(150mM NaCl, 50mM Tris PH 7.6, 1% Triton, 2mM EDTA; stored at 4°C), 

supplemented with protease inhibitors (Sigma) and PhosSTOP Phosphatase Inhibitor 

(Roche), and incubated for 30 min on ice. The lysates were centrifuged at 13.000 

rpm for 30 min at 40C.  The supernatant, which contained the Triton-Soluble fraction, 

was stored at -20oC, until use. Following this, the pellet was washed 2x with ice cold 

PBS and sonicated with 2% SDS buffer (300mM NaCl, 100mM Tris PH 7.6, 2% SDS, 

4mM EDTA; stored at 4), supplemented with Protease inhibitors (Sigma) and 

PhosSTOP Phosphatase Inhibitors (Roche) and incubated for 30 min at RT. The 

lysates were stored at -20oC until further use.  

6. Western blotting 

The Bradford method was used to measure the concentration of proteins in 

samples and the proteins were resolved on 13% SDS-polyacrylamide gel and 

transferred on to a nitrocellulose membrane (400 mA) for 2 hours, before blocking 
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with 5% milk/TBST blocking buffer for 1hour. Membranes were incubated overnight 

at 4°C in the primary antibodies (listed in table 1). Then, membranes were washed 

three times (3x10min) with TBST (100 mM Na2HPO4, 100mM NaH2PO4, 0.5N NaCl, 

0.1% Tween-20), and incubated with secondary horseradish peroxidase-conjugated-

HRP antibodies (Invitrogen) for 1 hour at RT. Membranes were washed three times 

(3x10min) with TBST and then developed with chemi-illuminescent solution. To re-

probe membranes with a different primary antibody, they were incubated in 

Stripping buffer (0.2M Glycine, 0.5M NaCl, pH 2.6) for 30 min with constant agitation 

at RT, followed by 3x washes with TBST and re-blocking with 5% milk/TBST blocking 

buffer for 1 hour, prior to incubation with a primary antibody. P-values were 

calculated using two-tailed T-test, type 3, using data sets for the indicated 

conditions. 

 

Table 1. List of antibodies used for immunofluorescence (IF) and Western Blot (WB) 

studies. 

  

Primary antibodies for Immunofluorescence (IF) & Western Blot (WB)  
Antibody    

 

Host Source  
 

Working dilution 

C20 

rabbit 

Santa Cruz 

Biotechnology 

1:1000 (WB) 

Syn-1 (BD) mouse BD Biosciences 1:1000 (WB) 

MJFR-14-6-4-2 rabbit Abcam 1:800 (IF) 

pS129 (EP1536Y) rabbit Abcam 1:1000 (WB) 

1:400 (IF) 

TUBG/tubulin 
gamma  

mouse Sigma 1:2000 (WB) 

β-actin mouse Cell Signaling 1:2000 (WB) 

c-jun rabbit Cell Signaling 1:1000 (WB) 

LC3 rabbit MBL 1:1000 (WB) 

p62 rabbit MBL 1:1000 (WB) 

TUJ-1 mouse/rabbit Covance 1:1000 (IF) 
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D. Results 

1. Seeding of endogenous α-Syn in SH-SY5Y differentiated cells upon fibril-

incubation 

We are interested in finding the underlying cellular mechanisms leading to α-

Syn seeding as well as elucidating the link between the post-translational 

modifications of α-Syn and its degradation. For this purpose, we are using an in vitro 

model widely used in PD research, the SH-SY5Y human neuroblastoma cell line. This 

cell line is frequently chosen because of its human origin, catecholaminergic (though 

not strictly dopaminergic) neuronal properties, and ease of maintenance. Our 

laboratory has generated a doxycycline (DOX)-inducible SH-SY5Y human cell line 

based on a tet-off system that stably overexpresses untagged α-Syn and acquires a 

neuronal phenotype upon treatment with retinoic acid (RA) (Vekrellis et al., 2009). In 

the tet-off system, the chimeric tetracycline transactivator protein (tTA) consists of 

the TetR domain that recognizes tetO fused to the VP16 transactivating domain 

of herpes simplex virus. tTA binds to seven tetO domains (tetO7) connected to a 

minimally active CMV promoter, resulting in gene activation. Doxycycline binds tTA 

and prevents gene activation (Fig. 8). This system permits to turn on and off WT 

expression and therefore enables us to follow the effects of the levels and of 

particular species of α-Syn on cell homeostasis. Induction of human WT α-Syn in 

differentiated SH-SY5Y cells leads to accumulation of soluble α-Syn oligomers and 

concomitant cellular degeneration.  

 

 

 

 

 

 

Figure 8. Tet Off system. DOX prevents the tTA transcription factor from binding DNA at the 
promoter. Gene expression is inhibited in the presence of DOX. 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/tetracycline
https://www.sciencedirect.com/topics/medicine-and-dentistry/herpes-simplex-virus
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A major feature in many synucleopathies such as PD is the formation of α-Syn 

aggregates in structures called Lewy bodies. However Lewy body structures have not 

been found in cell models overexpressing α-Syn. Highly elevated levels of α-Syn 

expression in cultured cells do not generate sufficient amounts of oligomeric or 

protofibrillar nuclei required to seed fibril elongation (Kahle et al., 2000, Lee et al., 

2009). Thus, in order to investigate the seeding of α-Syn, we have established a cell 

model in which we trigger this α-Syn inclusion formation by treating the cells with 

wild type human α-Syn recombinant fibrils (PFFs). More specifically, in our model, an 

equivalent number of SH-SY5Y –DOX, in which α-Syn is overexpressed, and SH-SY5Y 

+DOX cells are plated. In this case +DOX cells, in which the expression of the 

endogenous α-Syn is turned off, are used as a control (Fig. 9A). In order to 

differentiate SH-SY5Y cells, RA is added for 4 days and, when the cells are 

differentiated, preformed-fibrils (PFFs), provided byRonald Melki and Luc Bousset, 

are added.  To detect the seeding of α-Syn and decipher the degradation pathway(s) 

involved in the clearance of α-Syn assemblies we performed immunoblotting and 

immunocytochemistry assays. For the immunoblotting assay, after fibril incubation, 

the cells are trypsinized and harvested, and a membrane fractionation assay is 

performed. Sequential fractionation with two different detergents, triton X-100 

(soluble protein faction) and SDS (insoluble protein fraction) is performed. More 

specifically, in the SDS-soluble fraction, aggregated and membrane bound proteins 

are isolated. Regarding the immunocytochemistry assay, upon fibril-incubation, the 

cells are washed with trypsin in order to clear off all the PFFs that have not been 

uptaken by the cells, and then fixed and stained with α-Syn specific antibodies (Fig. 

9B). 
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Figure 9. Schematic representation of experimental procedure. A. SH-SY5Y cells,with 
inducible α-Syn overexpression (tet-off system), were differentiated for 4 days in RA (20μM) 
in the presence (+) or absence (-) of doxycycline (DOX). At the 
fourthdayofdifferentiationpreformed-fibrils (PFFs) wereaddedboth in -DOX and +DOX cells. 
B.Fractionated Western Immunoblotting and Immunochytochemistry assays were 
perfomed. 

2. Seeding of endogenous α-Syn in SH-SY5Y differentiated cells upon fibril-

incubation at early time points 

A previous study demonstrated that when unlabeled WT α-Syn PFFs were 

transduced into QBI-293 cells stably expressing WT α-Syn (QBI-WT-Syn cells), large 

cytoplasmic inclusions were observed within 48 h (Kelvin et al., 2009).  Based on this 

finding, we wanted to investigate whether the seeding of endogenous α-Syn in SH-

SY5Y differentiated cells upon fibril-incubation occurred at early time points. For that 

purpose, -DOX and +DOX cells were differentiated with RA for 4 days and then PFFs 

(0.5 μg per plate) were added.  After 24, 48 and 72 hours of fibril incubation, the 

cells were harvested and fractionation was performed, as described above (Fig. 

10A). 
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By Western immunoblotting analysis, we assessed the protein levels of total 

α-Syn and phosphorylated α-Syn at S129, an important post-translational 

modification identified in LB. As demonstrated in the immunoblotting assay, in the 

triton-soluble fraction, there was no evident difference between the non-treated 

cells and the PFF-treated cells for the monomeric α-Syn in both – and + DOX cells. In 

the triton soluble fraction, the levels of α-Syn in -DOX cells were increased compared 

to +DOX cells as expected, due to the overexpression of α-Syn. Also, the levels of 

total or phosphorylated α-Syn at S129 do not differ between the non-treated and 

the PFF- treated -DOX cells. Phosphorylated α-Syn was not detected in +DOX cells in 

the triton-soluble fraction. In the SDS-soluble fraction, total α-Syn was not detected 

in the absence of PFF exposure; there was a significant accumulation of monomeric 

and oligomeric α-Syn upon PFF incubation in –DOX cells, which however was only 

very slightly higher than that seen in +DOX cells. This indicated that these bands 

correspond to the PFFs themselves, rather than endogenous α-Syn species formed 

by the –DOX cells upon seeding. Phosphorylated at S129 α-Syn was not detected in 

the SDS-soluble fraction. Collectively our findings show that seeding of endogenous 

α-Syn does not seem to occur the first 3 days after fibril addition. This probably 

indicates that the formation of α-Syn assemblies is a procedure that occurs at a later 

time point and requires more time to be observed for endogenous α-Syn assemblies, 

both total and phosphorylated (Fig. 10B). 
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Figure 3. Seeding of endogenous total and phosphorylated α-Syn (S129) upon fibril-
incubation at early time points is not detected. A.SH-SY5Y cells,with inducible α-Syn 
overexpression (tet-off system), were differentiatedfor 4 days in RA (20μM) in the presence 
(+) or absence (-) of doxycycline (DOX). At the fourth day of differentiation preformed-fibrils 
(PFFs) were added both in- and +DOX cells and cells were incubated for 24, 48 and 72 hours. 
B. After each timepoint, cells were harvested and subjected to fractionated Western 
Immunoblotting (TX-100 and SDS fraction) with antibodies against α-Syn (C20 polyclonal 
antibody), phosphorylated α-Syn (pS129). γ-tubulin was used as a loading control. 

 

3. Seeding of endogenous α-Syn in SH-SY5Y differentiated cells upon 6 days of 

fibril-incubation 

Our previous findings suggested that the seeding of endogenous α-Syn 

probably occurs at a later time point. For that reason we increased the incubation 

time with PFFs up to six days. In differentiated - and +DOX cells, two different 

amounts of PFFs (0.3 and 0.5 μg) were added. After six days of fibril-incubation the 

cells were harvested and a fractionation procedure was performed. By Western 

Immunoblotting analysis, we assessed the protein levels of α-Syn. Immunoblotting 

analysis showed that in the triton-soluble fraction no clear difference was detected 

between the non-treated and the PFF-treated (0.3 and 0.5 μg) -DOX cells. In +DOX 

cells, α-Syn was not detected. In the SDS-soluble fraction, a dose-dependent increase 

was observed in the levels of α-Syn, both monomeric and oligomeric. Moreover, a 
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great difference was detected between the– and +DOX cells treated with PFFs. α-Syn 

was not detected in – and + DOX cells in the absence of PFF treatment. The observed 

increase of α-Syn assemblies in -DOX compared to +DOX cells in the SDS-soluble 

fraction indicates seeding of endogenous α-Syn. Our results, from two independent 

experiments, show that seeding of α-Syn is clearly detected in the SDS-soluble 

fraction after six days of fibril-incubation and is dependent on the amount of fibrils 

used (Fig. 11). 

Figure 11. Seeding of endogenous α-syn in SH-SY5Y differentiated cells is detected upon 6 
days of fibril-incubation A. SH-SY5Y cells,with inducible α-Syn overexpression (tet-off 
system), were differentiated in the presence (+) or absence (-) of DOX.At the fourth day of 
differentiation different amounts of PFFs (0.3 and 0.5μg) were added both in - and +DOX 
cells and further incubated for 6 days B. After 6 days of fibril incubation cells were harvested 
and subjected to fractionated Western Immunoblotting (TX-100 and SDS fraction) with an 
antibody against α-Syn (C20). γ-tubulin  was used as a loading control. Representative blot 
from two independent experiments (n=2). C.Negative-stain Electron Microscopy (EM) 
demonstrated ultrastructural morphology of human α-Syn PFFs used. 

 

4. Seeding of endogenous α-Syn in SH-SY5Y differentiated cells upon 6-days 

incubation with different amounts of fibrils 

Our previous experiments showed that the seeding of endogenous α-Syn is 

detected in the SDS-soluble fraction after 6 days of fibril incubation and is dependent 

on the amount of fibrils used. Our next step was to determine the optimum 
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concentration of PFFs and finally use the minimum amount of fibrils required to 

trigger the seeding of endogenous α-Syn at this particular time point. 0.5, 0.75, 1 and 

1.5 μg of fibrils were added in differentiated - and +DOX cells. After 6 days of fibril-

incubation, the cells were harvested and fractionation was performed as described 

above (Fig. 12A). By Western immunoblotting analysis, we assessed the protein 

levels of α-Syn.In the triton-soluble fraction, immunoblotting analysis showed that 

no clear difference was detected in the levels of α-Syn between the non-treated and 

the PFF-treated (0.5, 0.75, 1 and 1.5μg) -DOX cells. In +DOX cells, α-Syn was not 

detected at any condition. In the SDS-soluble fraction in –DOX cells, the levels of α-

Syn were increased in a dose-dependent manner both in monomeric (running at 15 

kDa) and higher-molecular weight (HMW) α-Syn. In +DOX PFF-treated cells, the 

levels and thus aggregation of α-Syn were significantly lower. Our results indicate 

that the best amount of fibrils to trigger the seeding of endogenous α-Syn is 0.75 μg, 

as with this condition there is the clearest difference between the – and the +DOX 

cells in the SDS-soluble fraction (Fig. 12B). 

Subsequently, immunocytochemistry was performed using different amounts 

of fibrils (20, 50, 100, 200ng). After 6 days of fibril-incubation, differentiated SH-SY5Y 

cells were fixed and staining was performed using anα-Syn conformation-specific 

antibody (mjfr14) that recognizes oligomeric and fibrillar α-Syn. The 

immunocytochemistry assay (40x magnification) demonstrated that the difference 

between- and +DOX is more clear when 50 to 100ng of PFFs were added. Thus, when 

using 50 to 100ng of PFFs, seeding of endogenous α-Syn is clearly detected and 

additionally is more prominent at higher power magnification (63x) (Fig. 12C). 
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Figure 12.  Seeding of endogenous α-Syn in SH-SY5Y differentiated cells upon 6 days of 

incubation with different amounts of fibrils.  A.SH-SY5Y cells, with inducible α-Syn 

overexpression (tet-off system), were plated in 10cm2 plates and in coverslips, and 

differentiated for 4 days with RA (20μΜ) in the presence (+) or absence (-) of DOX. At the 

fourth day of differentiation, different amounts of PFFs were added both in the – and +DOX 

C 

α-Syn (mjfr-14) 
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cells and the cells were incubated for 6 days. B. After 6 days of incubation with different 

amounts of fibrils (0.5, 0.75, 1 and 1.5 μg), cells were harvested and subjected to 

fractionated Western immunoblotting (TX-100 and SDS fraction) with an antibody against α-

Syn (C20). γ-tubulin  was used as a loading control. (n=2 )Representative blot from two 

independent experiments (n=2).C. After 6 days of incubation with different amounts of 

fibrils (20, 50, 100 and 200ng), differentiated SH-SY5Y cells (+ and – DOX) were fixed and 

analyzed by immunocytochemistry with the mjfr-14 conformation-specific antibody that 

detects aggregated α-Syn. Expression of α-Syn (green) and the TO-PRO-stained nuclei (blue) 

were observed using fluorescence confocal microscopy. 

 

5. Seeding and clearance of endogenous α-Syn in SH-SY5Y differentiated cells upon 

fibril-incubation at different time points 

To further establish our model, and to begin to examine clearance of seeded 

α-Syn, we first evaluated the seeding of endogenous α-Syn at different time points. 

In this experiment 0.75μg of PFFs were added in - and +DOX cells. After 4, 6 and 12 

days of fibril-addition, cells were harvested. Additionally, one extra set of non-

treated and PFF-treated -DOX cells was treated with DOX on the sixth day of fibril-

incubation in order to shut down the expression of endogenous α-Syn. α-Syn 

aggregation and/or degradation was monitored after 6 days of DOX addition (Fig. 

13A).The levels of α-Syn at each time point were examined by immunoblotting. In 

the triton-soluble fraction, the levels of α-Syn in–DOX cells were not different 

between non-treated and PFF-treated cells at each time point, or when comparing 

the different time points.In +DOX cells, the levels of α-Syn were not detected. In the 

set of -DOX cells in which DOX was added for 6 days (lanes 7 and 8), the levels of α-

Syn were dramatically decreased, indicating that DOX addition led to a shut-down of 

the production of α-Syn and clearance of its soluble component. In the SDS-soluble 

fraction the levels of α-Syn were increased over time in PFF-treated –DOX cells, in 

contrast to +DOX cells that showed low levels of insoluble α-Syn and no increase 

over time. Concerning the set of –DOX cells in which DOX was added after 6 days of 

fibril-incubation (lane 8), the levels of α-Syn, especially the oligomeric forms, were 

decreased in the SDS-soluble fraction compared to –DOX cells treated for 6 or 12 

days with PFFs (lanes 4 and 6 respectively). In the SDS fraction, α-Syn was not 

detected in cells not treated with PFFs.  Our findings indicated that over time the 

seeding of α-Syn is increased. Moreover, when down-regulating α-Syn by adding 
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DOX (6d-/6d+), the levels of the seeded α-Syn, when compared to the 6th or the 12th 

day upon PPF addition, are decreased (Fig. 13B), indicating that seeded α-Syn was 

likely cleared from the cells upon shut-down of endogenous α-Syn expression. 

To further confirm the clearance of seeded α-Syn after switching off the 

expression of endogenous α-Syn by adding DOX for 6 days, immunocytochemistry 

was performed using the mjfr-14 antibody. In -DOX cells, confocal images 

demonstrated an increase of α-Syn seeding between the 6th and the 12th day after 

fibril-addition (Fig. 13C-b, C-d). Furthermore, when DOX was added for 6 days in –

DOX cells, the levels of α-Syn were significantly decreased reaching the levels of α-

syn in the +DOX cells at the same time point (Fig. 13C-f). In +DOX cells, 

oliogomeric/fibrillar α-Syn was barely detectable. Collectively, our data reveal that 

the seeding of α-Syn is more prominent after 12 days of fibril-incubation and that a 

switch-off of α-Syn expression with DOX on the 6th day of PFF-incubation, resulted in 

the clearance of α-Syn assemblies over a period of 6 days. 
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Figure 13. Seeding of endogenous α-Syn in SH-SY5Y differentiated cells upon fibril-
incubation is more prominent over time, and seeded α-Syn is cleared from the cells upon 
shut-down of α-Syn expression. A.SH-SY5Y cells,with inducible α-Syn overexpression (tet-off 
system), were plated both in 10cm2 plates and in coverslips, and differentiated for 4 days 
with RA (20μΜ) in the presence (+) or absence (-) of DOX. In -and +DOX cells PFFs were 
added and the cells were incubated for 4,6,12 days. An extra set of–DOX cells was used to 
turn off the expression of α-Syn by adding DOX. B.After 4, 6 and 12 days of fibril-incubation 
(0,75μg), cells were harvested and subjected to fractionated Western Immunoblotting (TX-
100 and SDS fraction) with an antibody against α-Syn (C20). γ-tubulin was used as a loading 
control. Lanes 7 and 8 correspond to cells overexpressing α-Syn (-DOX), incubated 6 days 
with fibrils, and then with DOX for the following 6 days in order to suppress α-Syn expression 
(6D-/6D+).Representative blot from two independent experiments (n=2).C. After 6 and 12 
days of fibril-incubation (100ng), cells were analyzed by immunocytochemistry with the mjfr-
14 conformation-specific antibody that detects aggregated α-Syn. Picture f corresponds to 

α-Syn (mjfr-14) 
nucleus (TO-PRO) 
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cells overexpressing α-Syn (-DOX), incubated 6 days with fibrils, and then with DOX (+DOX) 
for the following 6 days in order to suppress α-Syn expression (6D-/6D+). Expression of α-Syn 
(green) and the TO-PRO-stained nuclei (blue) were observed using fluorescence confocal 
microscopy. Results presented from two independent experiments.  

 

6. Seeding of endogenous α-Syn in SH-SY5Y differentiated cells when the Lysosome 

or the Proteasome is inhibited 

This established model was further used to investigate the degradation 

pathways involved in the clearance of α-Syn assemblies. To examine the role of the 

proteasome or the lysosome as degradative machineries in the clearance of these 

assemblies, we used pharmacological inhibitors of the proteasome i.e.epoxomicin 

(Meng et al., 1999) and for the lysosome i.e. bafilomycin  (Yoshimori et al., 1991). 

We first wished to determine the levels of total α-Syn at 6 and 12 days of 

fibril incubation upon proteasomal or lysosomal inhibition. To examine this, - and 

+DOX SH-SY5Y cells were differentiated on coverslips. At the fourth day of 

differentiation, PFFs (100ng) were added and the cells were incubated for 6 and 12 

days. Moreover, we used an additional set of -DOX cells in which DOX was added 

after 6 days of fibril-incubation and the cells were incubated for additional 6 days 

with DOX in order to shut down the expression of endogenous α-Syn and follow α-

Syn aggregation and/or degradation. In order to block the function of the 

proteasome and the lysosome, cells were treated with the pharmacological 

inhibitors, as described above, for 24 hours before fixation (Fig. 14A). The 

immunocytochemistry assay with the mjfr-14 conformation-specific antibody against 

α-Syn demonstrated that after 6 or 12 days of fibril incubation, there was no 

difference between the non-treated cells and those treated with bafilomycin or 

epoxomicin. In the case of -DOX cells where DOX was added on the sixth day (6d-

/6d+), a very significant decrease of mjfr-14 positivity was detected, indicating that 

α-Syn assemblies were cleared. Lysosomal inhibition with bafilomycin resulted in a 

remarkable accumulation of PFF-induced α-Syn aggregates, suggesting that 

lysosomal processes are involved in the clearance of the seeded material. In 

contrast, proteasomal inhibition did not affect the clearance of α-Syn (Fig. 14B). 
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To further evaluate the role of the lysosome in the clearance of α-Syn 

assemblies, similar experiments were performed using Western immunoblotting; 

PFFs (0.8μg) were added in - and + DOX cells and incubated for 6 and 12 days.  In an 

extra set of -DOX cells, DOX was added on the sixth day of fibril incubation in order 

to shut down the expression of endogenous α-Syn (6d-/6d+). Before each time point, 

the cells were treated with bafilomycin for 24 hours.  By Western immunoblotting 

analysis, we assessed the protein levels and aggregation of α-Syn. The 

immunoblotting assay showed that the levels of α-Syn in the triton-soluble fraction 

were not altered between the non-treated and the bafilomycin-treated -DOX cells. In 

+DOX cells, which were used as a control, α-Syn was not detected. In the case of 6d-

/6d+ cells (lanes 7and 8), inhibition of the lysosome did not lead to detectable 

accumulation of soluble α-Syn. In contrast, in the SDS-soluble fraction, after 6 days of 

fibril incubation there was a slight increase in the levels of fibrillar α-Syn upon 

lysosomal inhibition. After 12 days of fibril addition there was no clear difference 

between non-treated and bafilomycin-treated cells (lanes 5 and 6, Fig. 14C). 

Consistent with the results from the immunocytochemistry assay, lysosomal 

inhibition resulted in a slight accumulation of SDS-soluble α-Syn upon DOX-induced 

α-Syn down regulation in the 6d-/6d+ condition (Fig. 14C lanes 7-8). Our results 

demonstrate that the lysosome contributes to the clearance of seeded endogenous 

α-Syn. 
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Figure 14. Seeding of endogenous α-Syn upon lysosomal or proteasomal inhibition. A. SH-

SY5Y cells, with inducible α-Syn overexpression (tet-off system), were plated both in 10cm2 

plates and in coverslips, and differentiated in the presence (+) or absence (-) of DOX. At the 

fourth day of differentiation, PFFs were added both in- and +DOX cells and incubated for 6 

and 12 days. After 5 and 11 days of fibril-incubation (0,8μg), cells were treated with 

bafilomycin (100nM) or epoxomicin (20nM) for 24 hours. B. After 6 and 12 days of fibril-

incubation (100ng), non-treated and bafilomycin- or epoxomicin-treated cells werefixed and 

stained with anti-α-Syn (mjfr-14). TO-PRO was used to stain the nucleus. Pictures on the 

right correspond to cells overexpressing α-Syn (-DOX), incubated for 6 days with fibrils and 

with DOX for the following 6 days, in order to suppress α-Syn expression (6D-/6D+). C. After 

6 and 12 days of fibril-incubation (0,8μg), non-treated and bafilomycin-treated cells (100nM) 

α-Syn (mjfr-14) 
nucleus TO-PRO 
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were harvested and subjected to fractionated Western Immunoblotting (TX-100 and SDS 

fraction) with an antibody against α-Syn (Syn1). γ-tubulin was used as a loading control. 

Lanes 7 and 8 correspond to cells overexpressing α-Syn (-DOX), incubated for 6 days with 

fibrils, and then with DOX for the following 6 days in order to suppress α-Syn expression (6D-

/6D+). Representative blot from two independent experiments (n=2). 

 

7. Levels of total and phosphorylated α-Syn at S129 upon lysosomal and 

proteasomal inhibition 

α-Syn is subjected to several PTMs  that affect the solubility and aggregation 

of the protein. Among these PTMs, a growing interest has focused on the 

phosphorylation at S129. Nearly all α-Syn accumulated within Lewy bodies is 

phosphorylated on serine 129 (Ser-129) but the significance of phosphorylation in 

the biology and pathophysiology of the protein is still controversial. Although the 

phosphorylation state of α-Syn appears to influence its aggregation propensity and 

toxicity, it is still not known whether phosphorylation promotes or prevents the 

aggregation and toxicity of α-Syn (Oueslati et al., 2016). 

The molecular mechanisms underlying the degradation route of 

phosphorylated α-Syn remain elusive. It has been shown that phosphorylated α-Syn 

at Ser-129 is targeted to the proteasomal pathway in an ubiquitin-independent 

manner (Machiya et al., 2010, Arawaka et al., 2017). Moreover, different studies 

report that that Polo-like kinase 2 (PLK2) and 3 (PLK3), an enzyme up-regulated in 

synucleinopathy-diseased brains, interacts with, phosphorylates and enhances α-Syn 

autophagic degradation in a kinase activity-dependent manner (Oueslati et al., 2013, 

2017). Other studies indicate that levels of pS129 α-Syn were increased only after 

long exposure to lysosomal inhibitors (Machiya et al., 2010).  

We wished to elucidate the role of the proteasome and the lysosome in the 

degradation of phosphorylated α-Syn at S129. We initially performed experiments in 

the absence of exogenous fbrills. - and +DOX SH-SY5Y cells were differentiated and 

the fourth day of differentiation epoxomicin (proteasome inhibitor) and bafilomycin 

(lysosomal inhibitor) were added for 24 hours. We assessed the levels of total and 

phosphorylated α-Syn by immunoblotting. Immunoblotting assay indicated that total 

α-Syn levels were not altered upon incubation with either of the pharmacological 
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inhibitors. In contrast, phosphorylated α-Syn at S129 accumulated upon proteasomal 

inhibition with epoxomicin. Also, concurrent inhibition of the lysosome and the 

proteasome did not lead to further accumulation of phosphorylated α-Syn at S129 

(Fig. 15). 

 

Figure 15. Proteasomal inhibition leads to increased steady state levels of phosphorylated 
α-Syn at S129.Α. SH-SY5Y cells, with inducible α-Syn overexpression (tet-off system), were 
subjected to proteasomal (epoxomicin, 20nM) and lysosomal inhibition (bafilomycin, 
100nM) overnight. Cell extracts were resolved by SDS-PAGE, and the levels of α-Syn were 
assessed by immunoblotting using antibodies against α-Syn (C20) and pS129 α-Syn. γ-tubulin 
was used as a loading control and p62 to ensure effectiveness of lysosomal and proteasomal 
inhibition. Β. Quantification of the immunoblots was performed with imagej from 4 
independent experiments (n=4).P-value (*P<0.05)was calculated using two-tailed T-test, 
type 3, pairing non-treated and treated with inhibitors. 

 

8. Seeding of total and phosphorylatedat S129 α-Syn in SH-SY5Y differentiated cells 

upon 6 days of fibril-incubation when the proteasome is inhibited 

Our findings indicated that phosphorylated α-Syn at S129 is increased when 

the function of the proteasome is inhibited in SH-SY5Y differentiated cells. To further 

investigate the role of the proteasome in degradation of phosphorylated α-Syn 

(S129), we examined seeded phosphorylated α-Syn in SH-SY5Y differentiated cells 

after 6 days of fibril incubation upon epoxomicin treatment. The cells were treated 

with 0.5μg of PFFs. At the sixth day the cells were harvested after a 24-hour 

epoxomicin treatment and subjected to fractionated Western Immunoblotting in 

order to assess the levels and aggregation of total and phosphorylated α-Syn. 

Immunoblotting showed that in the triton-soluble fraction there was no difference in 

the levels of total α-Syn between the non-treated cells and the epoxomicin- treated 
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–DOX cells upon fibril-incubation. In +DOX cells, the levels ofα-Syn were not 

detectable under any condition. Epoxomicin treatment led to accumulation of 

soluble phosphorylated α-Syn at S129 both in the presence and absence of PFFs 

compared to non-treated cells. In the SDS-soluble fraction the levels of total α-Syn 

were not altered upon epoxomicin treatment. SDS-soluble phosphorylated α-Syn 

was not detected after six days of fibril incubation, even after epoxomicin treatment 

(data not shown). This likely reflects the relatively short length of time and the lower 

amount of PFFs compared to the experiment in Figure 15. Our results demonstrated 

that proteosomal inhibition induces accumulation of soluble phosphorylated α-Syn 

without affecting total α-Syn in either fractions, suggesting that at least this soluble 

component of phosphorylated α-Syn, induced or non-induced by PFFs, is cleared by 

the proteasome (Fig. 16).  

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Seeding of phosphorylated α-Syn is not detected after 6 days of fibril-
incubation, even upon proteasomal inhibition. A. SH-SY5Y cells, with inducible α-Syn 
overexpression (tet-off system), were differentiated in the presence (+) or absence (-) of 
DOX. At the fourth day of differentiation, PFFs (0.5 μg) were added both in – and +DOX cells. 
B. After 5 days of fibril incubation (0,5μg), differentiated SH-SY5Y cells were treated with 
epoxomicin (20nM) for 24 hours, harvested and subjected to fractionated Western 
Immunoblotting (TX-100 and SDS fraction) with antibodies against α-Syn (C20) and 
phosphorylated α-Syn (pS129). β-actin was used as a loading control.Representative blot 
from two independent experiments. 
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9. Seeding of phosphorylated α-Syn in SH-SY5Y differentiated cells upon 

Proteasomal inhibition 

In our previous experiment, we used 0.5 μg of PFFs and we failed to detect 

phosphorylated α-Syn in the SDS-soluble fraction after 6 days of fibril-incubation. In 

order to detect the seeding of phosphorylated α-Syn at S129 in the SDS-soluble 

fraction, 3μg of PFFs were added. After 7 days of fibril-incubation, cells were 

harvested after a 24-hour epoxomicin treatment. To follow the clearance of these 

assemblies, an extra set of –DOXcells was used in which DOX was added at the 

7thday of fibril-incubation and incubated for 2 days (7d-/2d+). At the 8th day the 

function of the proteasome was blocked with epoxomicin for 24 hours. Cells were 

harvested on the 9th day (Fig. 17A-B) and the levels of phosphorylated α-Syn were 

assessed by Western Immunoblotting. The immunoblotting assay, in the triton-

soluble fraction, revealed a great increase in phosphorylated α-Syn at S129 when the 

proteasome was blocked both at 7 and 9 days after fibril-incubation. Likewise, when 

the expression of endogenous α-Syn is turned off (7d-/2d+), the levels of 

phosphorylated α-Syn are increased upon epoxomicin treatment. Phosphorylated α-

Syn was not detected in +DOX cells. Concerning the SDS-soluble fraction, seeding of 

phosphorylated α-Syn is detected at the seventh day of fibril-incubation, and is 

further increased upon epoxomicin treatment. On the 9thday levels of pS129 α-Syn 

were decreased, and did not show a robust increase with epoxomicin treatment. In 

the case of DOX-mediated α-Syn downregulation (7d-/2d+), pS129 α-Syn levels were 

further decreased, whereas, upon epoxomicin treatmentincreased. To detect the 

seeding of phosphorylated α-Syn by immunocytochemistry, differentiated SH-SY5Y 

cells were incubated for 8 days with 0.5μg of PFFs. Confocal images showed that 

pS129 α-Syn was observed only in -DOX cells incubated with PFFs and exclusively 

upon epoxomicin treatment (Fig. 17C). Collectively our results show that 

proteasomal inhibition leads to further accumulation of fibril-induced 

phosphorylated α-Syn at S129.In order to exclude the possibility that the PFFs could 

themselves be phosphorylated, we performed a control experiment using mutant 

S129APFFs. To this end, - and +DOX cells were differentiated and 3μg of mutant PFFs 

were added. After 7 days of fibril-incubation, the levels of phosphorylated α-Syn 

were assessed with Western Blot. In the triton-soluble fraction without epoxomicin 
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treatment, the immunoblotting assay showed no difference of phosphorylated α-Syn 

between the non-treated and treated cells with S129A PFFs. Similarly, upon 

epoxomicin treatment, phosphorylated α-Syn accumulated both in the non-treated 

cells and in those treated with S129A PFFs. In the SDS-soluble fraction, in the 

absence of epoxomicin treatment, phosphorylated α-Syn was detected only upon 

fibril-incubation. Upon epoxomicin treatment, both non-treated cells and those 

treated with PFFs, showed an accumulation of phosphorylated α-Syn, with the 

accumulation being more prominent in the latter case. In +DOX cells phosphorylated 

α-Syn was not detectable in either fraction. Together these results indicate that the 

differences detected in the levels of fibril-induced phosphorylated α-Syn are due to 

the recruitment of endogenous α-Syn (Vekrellis et al., 2009), as the mutant PFFs 

used cannot be phosphorylated themselves (Fig. 17D). 
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Figure 17. Seeding of phosphorylated α-Syn in SH-SY5Y differentiated cells when the 
Proteasome is inhibited. A.SH-SY5Y cells, with inducible α-Syn overexpression (tet-off 
system), were plated both in 10cm2 plates and in coverslips and differentiated with RA in the 
presence (+) or absence (-) of DOX. At the fourth day of differentiation, PFFs (3μg or 500ng) 
were added both in – and +DOX cells. B. After 7 and 9 days of high-dose fibril (3 μg) 
incubation, differentiated SH-SY5Y cells (+ or -DOX), untreated or treated with epoxomicin 
for 24 hours, were harvested and subjected to fractionated Western Immunoblotting (TX-
100 and SDS fraction) with anti-pS129, anti-cjun, and anti-γ-tub antibodies. Lanes 7 and 8 
correspond to -DOX cells incubated for 7 days with fibrils and with DOX for the following 2 
days (7D-/2D+).Representative blot from two independent experiments (n=2).C. After 8 days 
of fibril-incubation (500ng) and epoxomicin treatment (24h incubation before staining), 
differentiated SH-SY5Y cells were analyzed by immunocytochemistry with anti-α-Syn (pS129) 
and anti-Tuj1 antibodies. Expression of pS129 α-Syn (red) and Tuj1 (green) was observed 
using fluorescence confocal microscopy. D.  After 7 days of high-dose mutant S129A PFF (3 
μg) incubation, differentiated SH-SY5Y cells (+ or – DOX), untreated or treated with 
epoxomicin for 24 hours, were harvested and subjected to fractionated Western 
Immunoblotting (TX-100 and SDS fraction) with anti-pS129 and anti-γ-tubulin 
antibodies.Representative blot from two independent experiments (n=2). 
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E. Discussion 

Synucleinopathies, such as PD, are characterized by the intracellular 

accumulation of aggregated α-Syn (Lee and Trojanowski, 2006). Many questions, 

including how these aggregates form and their contribution to the etiology of PD, 

remain to be answered. A major obstacle to elucidating the role of α-Syn pathology 

has been the lack of model systems to study the acute effects of α-Syn aggregation 

occurring in real-time. First, although aggregated α-Syn, as detected by either 

amyloid dye staining (e.g. Thioflavin S) or resistance to proteinase K digestion, was 

reported in a variety of cell lines overexpressing α-Syn, few show the characteristic 

amyloid fibril ultrastructure seen in human LB pathology. In addition, transgenic 

mice that overexpress disease-associated mutant α-Syn produce pathologic 

aggregates with these features, but only in mice several months of age, and 

aggregate formation coincides with the rapid demise of the animal, making it 

impossible to understand the early effects of α-Syn aggregation (Masliah et al., 2000; 

Giasson et al., 2002; Lee et al., 2002). Finally, primary neuronal cultures from these 

mice also do not form aggregates that recapitulate features of those found in 

diseased brains. 

Unlike many aggregate-prone proteins, simple overexpression of α-Syn does 

not lead readily to the formation of insoluble LB-like inclusions. Therefore, additional 

manipulations have been used to generate α-Syn aggregates in cultured cells, 

including co-expression of proteins such as synphilin-1 (Engelender et al., 1999)and 

exposure to proteolytic inhibitors, oxidative stress, or nitrative insult (McLean et al., 

2001; Paxinou et al., 2001; Lee et al., 2002), which likely directly or indirectly affect 

protein degradation pathways. However, the α-Syn aggregates formed in these 

various cellular paradigms typically fail to exhibit several important characteristics of 

LBs, including ubiquitination and the presence of insoluble phosphorylated α-Syn.  

Several pieces of evidence indicated that proteinaceous aggregates 

comprised of tau and α-Syn, can induce pathology in healthy cells (Clavaguera et al., 

2009; Desplats et al., 2009; Frost et al., 2009; Guo and Lee, 2011; Luk et al., 2009). 

This process is hypothesized to occur via uptake of misfolded polymers, which can 

propagate by recruiting their endogenously expressed counterparts, followed by 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3204802/#R12
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3204802/#R12
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3204802/#R14
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3204802/#R17
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3204802/#R23
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3204802/#R31
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their spread to induce pathology throughout the nervous system (Aguzzi and 

Rajendran, 2009).Renet al. (2009) showed that externally applied polyglutamine 

fibrils “seed” the aggregation of otherwise soluble polyglutamine proteins in the 

cytoplasm (Ren et al., 2009). A similar mode of aggregate transmission also has been 

shown with extracellular tau aggregates, which internalized and induced the 

aggregation of intracellular protein (Frost et al., 2009). 

Based on the previous findings, to better recapitulate LB-like inclusions in 

cultured cells, models of α-Syn aggregation have been developed in which the 

introduction of small amounts of α-Syn PFFs into α-Syn-expressing cells, including 

primary neurons from wild Type (WT) non transgenic mice, results in the templated 

assembly of endogenously expressed α-Syn and the formation of insoluble 

aggregates resembling LBs and LNs (Luk et al., 2009; Volpicelli-Daley et al., 2011). 

 The PFF model was first developed in vitro by introduction of α-Syn PFFs in cultured 

cells engineered to overexpress α-Syn. In this case,α-Syn fibrils “seeded” recruitment 

of endogenous soluble α-Syn protein and their conversion into insoluble, 

hyperphosphorylated, and ubiquitinated pathological species (Luk et al., 2009). 

Although previous studies in model systems demonstrate that exogenous amyloid 

fibrils can seed recruitment of intracellular soluble proteins into inclusions, 

(Clavaguera et al., 2009; Desplats et al., 2009; Frost et al., 2009; Guo and Lee, 2011; 

Hansen et al. 2011; Luk et al., 2009),  they either employed additional factors to 

assist the entry of the fibrils into cells, or they utilized cell extracts containing disease 

proteins in which other components that contribute to development of pathology 

may exist. 

Volpicelli-Daley et al. (2011) demonstrated that PFFs, generated from full 

length and truncated recombinant α-Syn, enter primary neurons, likely by 

adsorptive-mediated endocytosis, and promoted recruitment of soluble endogenous 

α-Syn into insoluble PD-like LBs and LNs. Remarkably, endogenous α-Syn was 

sufficient for formation of these aggregates, and overexpression of wild type or 

mutant α-Syn was not required (Volpicelli-Daley et al., 2011, 2014). The ability to 

generate α-Syn aggregates efficiently, without using any treatment that directly 

perturbs protein degradative function, provides model systems to investigate the 

possible interplay between aggregation and clearance of α-Syn.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3204802/#R2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3204802/#R2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3204802/#R12
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3204802/#R14
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3204802/#R17
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3204802/#R23
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3204802/#R31
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6132025/#B87
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SH-SY5Y are human neuroblastoma cells widely used in PD research. This cell 

line can be differentiated into neuronal-like cells, exhibiting cholinergic, 

dopaminergic, or noradrenergic phenotypes, using agents such as retinoic acid, 

phorbol esters, or dibutryl cyclic adenosine monophosphate (Biedler et al., 1978; 

Gilany et al., 2008; Kovalevich and Langford, 2013). The advantages of using SH-SY5Y 

cells are that these cells are easy to culture and to amplify, and enable the 

generation of a greater percentage of dopaminergic cells than what is obtained in a 

primary midbrain culture, where only 5–15% of TH-positive cells are present. Since 

the cells have human origin, they express several human-specific proteins that may 

not be present in primary cultures prepared from rodent brains, which could limit 

the impact of the studies being performed (Kovalevich and Langford, 2013; Lopes et 

al., 2010). SH-SY5Y cells are widely used as a model to mimic impaired dopamine 

homeostasis, and to study the mechanisms of MPP+-induced neurotoxicity, since the 

cells express dopamine receptors and transporter (DAT) (Colapinto et al., 2006; Xie 

et al., 2010). The cells are vulnerable to oxidative stress, in a similar manner to that 

observed in dopaminergic neurons. 

We describe here a novel cellular model based on the over‐expression of wild 

type α-Syn in which the formation of α-Syn inclusions was triggered by the addition 

of PFFs. The development of our model was based upon previous studies that 

utilized cell lines overexpressing WT and mutant forms of disease-associated 

proteins to demonstrate that exogenous amyloid fibrils can seed transition of soluble 

proteins into inclusions (Desplats et al., 2009; Frost et al., 2009; Luk et al., 2009; Ren 

et al., 2009). Volpicelli-Daley et al (2011) used a model where small seeds of pre-

formed α-Syn fibrils (PFFs) generated from recombinant α-Syn are added directly to 

primary neurons (Volpicelli-Daley et al., 2011). Small amounts of these PFFs are 

endocytosed by the neuron, without the addition of other factors to assist entry into 

the neuron. These seeds of PFFs induce recruitment of endogenously expressed α-

Syn into abnormal, phosphorylated, insoluble, ubiquitinated aggregates. This model 

has several features that make it attractive to decipher the mechanisms governing 

ultimately the toxicity, degradation, seeding and aggregation of α-Syn. These include 

the human neuronal nature of the cell line (SH-SY5Y neuroblastoma cell line), the 

inducible nature of expression of WT α-Syn, and the presence of gradual cellular 
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degeneration, coinciding temporally with the appearance of soluble and 

membrane‐bound oligomers, the prime suspects in the search of pathogenic α-Syn 

species. Therefore, we believe that this model may prove to be especially valuable in 

deciphering the mechanisms that are set in motion by aberrant WT α-Syn and the 

examination of potential therapeutic strategies. Such insights will be very relevant 

for the SNCAgene multiplication cases and, in all likelihood, the sporadic PD cases, 

according to the ‘alpha‐synuclein burden hypothesis’ (Kim and Lee 2008). 

 

Seeding and aggregation of endogenous α-Syn 

Using α-Syn recombinant fibrils (pre-formed fibrils, PFFs) in neuronally 

differentiated SH-SY5Y neuroblastoma cells with inducible expression of untagged α-

Syn (tet-off system), we examined the seeding of endogenous α-Syn by 

immunofluorescence and immunoblotting assays. In contrast with other studies that 

indicate that the seeding of α-Syn is traceable after 48 hours of fibril-addition (Luk et 

al., 2009), we failed to detect the seeding of either total or phosphorylated α-Syn 

after 24, 48 and 72 hours of fibril-incubation (Fig. 10). This probably indicates that 

the formation of α-Syn assemblies is a procedure that occurs at a later time point 

and requires more time to be observed for endogenous α-Syn assemblies, both total 

and phosphorylated. Formation of these aggregates from endogenous α-Syn in 

primary neurons derived from wild type, non-transgenic mice, follows an initial lag 

phase of 2–4 days. It has been shown that by 4–7 days small, punctate insoluble, 

phosphorylated aggregates form in presynaptic terminals and axons. By 7–10 days 

post-PFF, the aggregates grow and become more elongated and serpentine in 

appearance, resembling LNs (L A. Volpicelli-Daley et al., 2014). In accordance with 

this, in our cell model the seeding of endogenous α-Syn occurs within a time frame 

of 6 days, and was more prominent after 10 days of fibril-incubation (Fig. 11B, 13B).  

In our model the seeding is detected after 6 days of fibril incubation and it is 

dependent on the amount of fibrils used. It has been previously shown that the 

toxicity in PFFs models is not due to introduction of the high quantity of PFFs per 

se but can be directly linked to the recruitment of endogenous α-Syn into inclusions 

as evidenced by the fact that PFFs do not induce toxicity when applied to α-

Syn−/− primary neurons (Volpicelli-Daley et al., 2011; Luk et al., 2012). Although, it 

https://onlinelibrary.wiley.com/doi/full/10.1111/j.1471-4159.2009.06054.x#b19
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3204802/#R31
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3204802/#R31
https://www.ncbi.nlm.nih.gov/pubmed/?term=Volpicelli-Daley%20LA%5BAuthor%5D&cauthor=true&cauthor_uid=25122523
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6132025/#B87
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6132025/#B53
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has been demonstrated that fibril-entry appears to saturate at high fibril 

concentrations indicating an upper limit to the uptake pathway (Karpowicz et al., 

2017). Moreover, increasing amounts of fibrils applied to the cells might not only 

result in more uptake of the fibrils, but also less efficient degradation as there is a 

precedence for amyloid fibrils within the lysosomes to perturb lysosomal function 

(Dehay et al. 2013; Tofaris 2012). For these reasons, we wanted to achieve the effect 

of seeding by using the minimum amount of PFFs required to trigger the seeding of 

endogenous α-Syn at this particular time point. In this way, we couldminimize the 

side effects in several intracellular metabolic pathways. To this end, we established 

our model by using 0.75 μg of PFFs per 2x106 differentiated cells for immunoblotting 

assays (Fig. 12B) and 0.1μg per 2x104 differentiated cells (24-well plate) for 

immunocytochemistry assays (Fig. 12C). Fractionation and immunoblotting assays 

showed thatα-Syn was detected in the SDS-soluble fraction only upon fibril 

incubation and that this was clearly due to the recruitment and subsequent 

aggregation of endogenous α-Syn (comparedto cells whose α-Syn expression was 

DOX-regulated (+DOX cells)) (Fig. 11,12). Immunocytochemistry assays, revealed the 

formation of inclusion-like structures immunoreactive for fibrillar α-Syn. In 

agreement with previous studies, our data showed that PFF-incubation results in the 

seeding of endogenous α-Syn and in the formation of fibrillar forms that seem to 

accumulate over time (Fig. 13) . 

 

Clearance of α-Syn aggregates 

Following the above, we wished to establish further our model, and more 

specifically examine clearance of seeded α-Syn. Our cell model gives us the ability to 

shut down the expression of the α-Syn by adding DOX. For that reason after 6 days 

of fibril-incubation, when the seeding of endogenous α-Syn is clearly detected, the 

expression of α-Syn was shut down by adding DOX. Interestingly, by using both 

immunoblotting and immunocytochemistry assays, we showed that a switch-off of 

α-Syn expression on the 6th day of PFF-incubation, resulted in the clearance of α-Syn 

assemblies over a period of 6 days (Fig. 13). This clearance phenomenon may occur 

via two different pathways; either via degradation or secretion. When proteins are 

not immediately directed to protein degradation systems, they may also be secreted. 
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Previously, it has been found that a small but significant proportion of α-Syn and its 

aggregates are secreted from neuronal cells via exocytosis (Lee et al., 2005; 

Emmanouilidou et al., 2010).  

In order to evaluate the contribution of the known degradation pathways in 

the clearance of α-Syn assemblies, we used pharmacological inhibitors for both the 

lysosome and the proteasome and assessed their impact on the levels of seeded α-

Syn. Interestingly, our results showed that lysosomal inhibition with bafilomycin, 

which prevents lysosomal function by inhibiting vacuolar proton ATPase but also 

blocks fusion between autophagosomes and lysosome (Bowman et al. 1988; 

Yamamoto et al. 1998), had no effect on the degradation of seeded α-Syn on the 6th 

or the 12th day (when the lysosome is inhibited for 24h) post PFF-incubation (Fig. 

14B). However, when the expression of α-Syn is shut down by DOX addition for 6 

days, accumulation of PFF-induced α-Syn aggregates is detected upon bafilomycin 

treatment, suggesting that lysosomal processes are involved in the clearance of the 

seeded material (Fig. 14B).  

In accordance with our findings, lysosomal inhibition has been shown to 

cause an accumulation of α-Syn, suggesting that the autophagy/lysosomal pathway 

is involved in the clearance of oligomeric and fibrillar species of α-Syn (Lee et al., 

2004; Vogiatzi et al., 2008; Sacino et al., 2017). The lysosomal effect does not seem 

to be apparent when endogenous α-Syn is continusously overexpressed, and this 

could be either due to a high seeding rate, that obscures any differences in 

clearance, or to decreased lysosomal function, induced by the α-Syn burden (Fig. 

14B-C). However, when endogenous α-Syn is not continuously produced, these 

aggregates are cleared, a mechanism that could ensure the viability of the cells. In 

partial agreement with our findings, Tanik et al. (2013) also suggested that α-Syn 

inclusions cannot be effectively degraded, even though they co-localize with 

essential components of both the autophagic and proteasomal protein degradation 

pathways. In contradiction to our results, α-Syn aggregates persisted even after 

soluble α-Syn levels were reduced, suggesting that once formed, the α-Syn inclusions 

are refractory to clearance. In this paper they checked the levels of SDS-soluble α-

Syn only when down-regulating α-Syn expression for up to 72h. Our results indicate 

that up to 4 days after DOX addition, α-Syn aggregates persisted (data not shown) 
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and only after the 6th day were they efficiently cleared from the cells, a 

phenomenon that was reversed upon lysosomal inhibition.  Seeded α-Syn, which 

likely is in a continuous dynamic equilibrium, may be less fibrillar after 6 days of α-

Syn down-regulation, and thus could be cleared by the lysosome in our experimental 

setting. 

Additionally, we showed that proteasomal inhibition with epoxomicin did not 

affect the clearance of α-Syn (Fig. 14B). Similarly, several studies have failed to 

detect significant accumulation of endogenous or overexpressed α-Syn following 

pharmacological proteasomal inhibition in cell lines and primary neurons (Rideout et 

al. 2001, 2002; Vogiatzi et al. 2008).  It is likely that proteasomes are unable to clear  

highly aggregated species of α-Syn, which cannot gain access to this delimited 

structure.  

Along these lines, it would be interesting to investigate whether, and under 

what experimental conditions, these fibrillar forms are resistant to Proteinase K 

treatment. Additionally, further experiments in this experimental system could 

include analysis of secreted α-Syn, which could reveal the balance between 

degradation and secretion and how the different conditions in this particular cell 

model affect (enhance or block) each pathway.  

 

Phosphorylation of α-Syn and Degradation 

α-Syn is subjected to several PTMs that affect the solubility and aggregation 

of the protein. Among these PTMs, a growing interest has focused on the 

phosphorylation at S129. Phosphorylation at S129 has been documented to play a 

pivotal role in α-Syn stability, toxicity and pathophysiology (Oueslati, 2016). We 

therefore wished to extend our studies and use this well-established model in order 

to examine the seeding of pS129 α-Syn upon fibril-incubation. We have observed 

that fibril-induced pS129 α-Syn was not detected at early time points (Fig. 10B). 

Further, our findings showed that fibrillar pS129 α-Syn was only apparent relatively 

late, at 7 days of high-dose fibril-incubation and that phosphorylation occurred only 

in the endogenous α-Syn as depicted from control experiments using mutant S129A 

PFFs (Fig. 17B-C). Likewise, in studies where increased concentration of 20μg/ml of 

fibrils was used, the pS129-stained aggregates were observed and these were indeed 
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intracellular α-Syn fibril aggregates induced by exogenous fibrillar α-Syn (Sacino et 

al., 2017).  

The molecular mechanisms underlying the degradation route of 

phosphorylated α-Syn remain elusive. It has been shown that pS129α-Syn is targeted 

to the proteasomal pathway in an ubiquitin-independent manner (Machiyaet al., 

2010, Arawaka et al., 2017). In contrast, overexpression and endogenous expression 

models have demonstrated co-localization between pS129 α-Syn and autophagic 

markers such as LC3 and p62 following exposure to fibrils (Tanik et al., 2013). 

Machiya et al. (2010) also demonstrated that long exposure to lysosomal inhibitors 

could result in the accumulation of pS129 α-Syn, however this paralleled the 

increase of total α-Syn and thus was a secondary phenomenon. Our data suggested 

that upon proteasomal inhibition, in SH-SY5Y neuroblastoma cells with inducible 

expression of untagged WT human α-Syn (tet-off system), the steady state levels of 

soluble pS129α-Syn increased 4-fold whereas total α-Syn remained unaffected (Fig. 

15). In support of these results, cycloheximide chase experiments demonstrated that 

pS129α-Syn was stabilized upon proteasomal inhibition (data not shown). 

Pharmacological inhibition of the proteasome led to a slight accumulation of fibril-

induced Triton-insoluble pS129 α-Syn without affecting total α-Syn, suggesting that 

the proteasome system is responsible, at least in part, for the selective clearance of 

these less fibrillar phosphorylated forms of the protein induced upon seeding (Fig. 

16B). Fibrillar phosphorylated α-Syn was degraded after two days of DOX incubation, 

while proteasomal inhibition reversed this turnover (Fig. 17B). pS129 α-Syn was 

observed using fluorescence confocal microscopy, and was detected in aggregated 

puncta only upon 24-hour proteasomal inhibition with epoxomicin (Fig. 17C). 

Additional experiments with lysosomal inhibitors, which are in progress, would 

reveal whether fibrillar pS129 α-Syn is also subjected to lysosomal degradation. Peng 

et al. (2018) demonstrated that brain homogenates derived from brains with GCIs, 

induced aggregation of α-Syn and these fibrillar forms seemed to be more potent, in 

terms of pathology, compared to PFFs and LB-derived homogenates. The GCI-

derived aggregates induced the formation of phosphorylated α-Syn assemblies, 

whose degradation was lysosome-dependent. Thus, it would be interesting to 
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investigate whether the proteasome or the lysosome could differentially target the 

oligomeric and/or fibrillar pS129 α-Syn for degradation in a time-dependent manner. 

 

Overall Conclusionsand future prospects 

Our data strongly suggest a link between aggregation and the degradation 

machineries. Degradation of fibrillar α-Syn seems to depend on the endogenous α-

Syn and when down-regulated, is lysosomal dependent. Additionally, our data 

suggest that phosphorylation seems to be the signal for proteasomal degradation, of 

both soluble and fibrillar α-Syn. In vitro studies have demonstrated that the crosstalk 

between ubiquitylation and C-terminal phosphorylation of α-Syn, play a central role 

in α-Syn clearance (Haj-Yahya et al. 2013). Sumoylation has also been proposed to 

play a key role in α-Syn solubility, but to date no study has comprehensively assessed 

the contribution of sumoylation, in interplay with phosphorylation, to α-Syn 

aggregation and/or turnover. This established model system could be used to 

decipher the role of the crosstalk between the different PTMs i.e. ubiquitylation, 

sumoylation and phosphorylation in α-Syn degradation and aggregation, and identify 

components that modulate this crosstalk and as a result the levels of α-Syn. 

Eventually, a full understanding of the mechanisms underlying the multiple PTMs 

crosstalk and subsequent clearance may help design a novel strategy for monitoring 

the levels of α-Syn and eventually pave the way for developing a treatment for PD.  
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