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ABSTRACT

Neurodegenerative disorders are characterized by accumulation of toxic
protein species that are followed by a gradual loss of neurons in certain brain
regions and person’s loss of movement and dementia. The cause of the protein
accumulation is not fully understood but is partially influenced by the
disturbances in the protein degradation pathways, post-translational protein
modifications that facilitate either gain-of-toxicity or loss-of-function of these
proteins. In Parkinson’s disease, the best-known aggregation prone protein is
alpha-synuclein (aSyn) that is the main component of Lewy bodies, the
histopathological hallmarks of Parkinson’s disease and other
synucleinopathies. Several studies suggest that aSyn aggregates can damage
neurons by various mechanisms, and propagate toxicity by cell-to-cell transfer
thus making it a tempting target for drug therapy. Current drug therapies can
only relieve symptoms of neurodegenerative diseases but do not address, for
example, protein aggregate clearance or pharmacological deceleration of the
inclusion formation.

In previous studies, prolyl oligopeptidase (PREP) has been shown to
enhance the aggregation of aSyn. PREP inhibitors have been shown to reduce
the aggregation and increase the clearance of aggregates via enhanced
autophagy. However, the mechanisms of how PREP affects aSyn aggregation
and regulates autophagy, and if this has a long-term impact on aSyn toxicity,
have not been studied. The aim of this study was to investigate the role of PREP
deletion, restoration, overexpression, and catalytical inhibition on the cellular
signaling pathways and aSyn aggregation. The first part of the work was done
in  PREP  knockout  cells  and  knockout  mice  where  the  aSyn  protein  was
overexpressed alone or together with PREP. We showed that absence of PREP
decreases aSyn-overexpression mediated behavioral and cellular toxicity in
mouse brain. Additionally, we found that PREP knockout cells exhibit reduced
stress response and toxicity in the presence of protein overload, have increased
autophagic activity, and remove excess aSyn into the cell media.

The second part studied effects of chronic PREP inhibition by KYP-2047
on aSyn aggregation and on motor disturbances in the aSyn viral vector
overexpression Parkinson’s disease mouse model. The main finding showed
that after chronic PREP inhibition, animals lost pathological unilateral motor
behavior due to reduction in aSyn oligomer species in the nigrostriatal
pathway.

The third part concentrated on mapping the role of PREP in the pathways
responsible  for  the  autophagy  initiation.  The  main  finding  was  discovery  of
PREP’s role in negatively regulating one of the most important protein
phosphatase complexes, protein phosphatase 2A (PP2A), via direct protein-
protein interaction. Besides, this interaction could be altered with PREP



inhibitor treatment that resulted in upregulation of PP2A activity and
explained the functional results of autophagy induction after PREP inhibition.

In summary, the findings of this study underline mechanisms through
which PREP might be mediating aSyn related pathology and underlines the
potential of PREP inhibition as an attractive drug target in reducing aSyn
aggregate formation and boosting clearance from the affected brains. PREP
involvement in the PP2A network regulation and additional functional data
warrants further PREP investigation in the context of other neurodegenerative
disorders and PP2A-related ailments.
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1 INTRODUCTION

Synucleinopathies are a subset of neurodegenerative disorders that are
characterized by the accumulation of -synuclein (aSyn) inclusion bodies in
neurons, neuronal projections, and glial cells. Parkinson's disease (PD), Lewy
body disease (LBD), and multiple system atrophy cause multisystem failure
due to aSyn accumulation that is followed by a progressive loss in neuronal
functions and death of the affected cellular subpopulations. Additionally, aSyn
accumulation has been described in Alzheimer’s disease (AD) cases.
Progression of the aforementioned conditions are slow, while in most cases the
cause of disease is idiopathic as the disease origin cannot be traced to a known
cause or a certain mechanism (Crews et al., 2009; Beitz, 2014; McCann et al.,
2014; Barker and Williams-Gray, 2016). Neurodegenerative disorder
prevalence increases with the passage of an individual’s years. With an
increasingly ageing population the need for curative treatments will only
become more acute as currently available therapies are aimed at palliative
treatments and fail to address the need for reduction of pathological aSyn
burden on the affected cellular processes.

The  accepted  PD  pathophysiological  mechanism  is  that  the  loss  of  or
aberrations in the dopaminergic neurons leads to depletion of dopamine in the
striatal dopaminergic projections. Consequently, synaptic failure due to
insufficient  dopamine  signaling  is  the  major  cause  of  the  motor  symptoms
bradykinesia, postural instability, rigidity, and tremor (George et al., 2013).
While  pathological  identification  of  PD  is  based  on  the  presence  of  Lewy
bodies  (LB)  in  the  affected  brain  regions  the  consensus  of  whether  LBs
influence neuronal cell death or is a protective mechanism that sequesters
harmful aSyn intermediary species has not been reached (Schulz-Schaeffer,
2010). However, recent reports are contesting the widely held notion of direct
causality  between  LBs  and  neuronal  loss  (Milber  et  al.,  2012;  Iacono  et  al.,
2015).

Presently, dysfunction in the protein degradation machinery, ubiquitin-
proteasomal system (UPS), or autophagy-lysosomal pathway (ALP) has been
implicated as one of the causes in most of the proteinopathies and has a
distinctive role in the processing and aggregation of aSyn. Activation of these
systems has been studied as a potential drug target that would potentially
alleviate aSyn aggregate accumulation (Ebrahimi-Fakhari et al., 2012). One of
the potential drug targets capable of reducing autophagy is prolyl
oligopeptidase (PREP), a serine protease (Savolainen et al., 2014) that has
been shown to directly interact with aSyn and increase aSyn aggregation rate
(Brandt et al., 2008; Savolainen et al., 2015).

This literature review focuses on the aSyn pathophysiology, namely aSyn
aggregate clearance and processing by the two major protein degradation
systems and discusses the effects of aSyn post-translational modification on
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these pathways. The experimental part of the thesis will describe the role of
PREP or lack thereof on the aSyn aggregation process both in cellular and in
in vivo models. PREP inhibition will be discussed as a potential treatment for
synucleinopathies. Lastly, a new physiological role of PREP and its implication
on the protein phosphatase 2A (PP2A) cellular network will be described.
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2 REVIEW OF THE LITERATURE

2.1 Brief overview on alpha-synuclein

aSyn  is  a  14  kDa  large  protein  with  a  lysine-rich  N-terminus,  which  is
important for the interactions with lipid membranes, while the C-terminus is
intrinsically disordered and has been suggested to modulate aSyn’s nuclear
localization and interaction with proteins and small molecules (Ulmer et al.,
2005; Uversky and Eliezer, 2009). Under native conditions aSyn
predominantly exists in a monomeric state (Eliezer et al., 2001) but, in recent
years, researchers have demonstrated possible existence of a tetrameric aSyn
that under physiological conditions resists aggregation (Eliezer et al., 2001;
Dettmer et al., 2016).

aSyn was initially identified from the electric ray neuronal tissue and
immunostaining was predominantly observed in the synaptic and nuclear
regions, hence the name of the protein (Maroteaux et al., 1988). aSyn was later
linked to the -amyloid inclusions and initially called non- -amyloid-
component of AD (Ueda et al., 1993). Shortly afterwards, the distinction
between the alpha and beta isoforms of synuclein was identified (Jakes et al.,
1994) and ten years later it was demonstrated that aSyn is not an essential
protein as double knock-out of both aSyn isoforms does not result in animal
lethality (Chandra et al., 2004). Currently, the physiological functions of aSyn
are not fully understood (Lashuel et al., 2012). However, its predominant
localization  in  synapses  (Iwai  et  al.,  1995),  presence  in  the  distal  pool  of
synaptic  vesicles  (Kahle  et  al.,  2000b;  Lee  et  al.,  2008b),  and  role  in  the
SNARE (soluble N-ethylmaleimide-sensitive factor activating receptor)
complex assembly points to a role for aSyn in neurotransmitter release,
synaptic plasticity, and synaptic exocytosis (Burre et al., 2010). This is
supported by studies in aSyn knockout animals and after aSyn overexpression
where changes in activity-dependent dopamine release are seen (Abeliovich et
al., 2000; Yavich et al., 2004; Scott et al., 2010).

2.1.1 aSyn aggregation overview
The identification of aSyn as a major component of LB and Lewy neurites

that are the main hallmarks of PD and other synucleinopathies prompted large
interest in aSyn research (Spillantini et al., 1997; Spillantini et al., 1998).
Especially, when familial cases of duplications (Chartier-Harlin et al., 2004),
triplications (Singleton et al., 2003), and point mutations (Polymeropoulos et
al.,  1997;  Kruger  et  al.,  1998;  Zarranz  et  al.,  2004)  of  the SNCA gene were
linked to early onset PD and the onset of the disease was inversely correlated
to the number of SNCA repeats  (Fuchs  et  al.,  2007).  Even  though  there  is
support for the idea that accumulation of aSyn propagates pathology, a
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viewpoint has also emerged that aSyn aggregation can sequester
physiologically active aSyn that in turn leads to the loss-of function toxicity
(Perez and Hastings, 2004; Cookson, 2006; Kanaan and Manfredsson, 2012).

Pathologically, LBD is characterized by the accumulation of aSyn that
results  in  the  degeneration  of  the  nigrostriatal  tract,  neocortical  and  limbic
brain areas (Braak and Braak, 2000; Vekrellis et al., 2011; Lashuel et al., 2013).
PD is by far the most prevalent LBD that is characterized by the degeneration
of the dopaminergic neurons in the substantia nigra pars compacta (SNpc),
however, selective vulnerability of the dopaminergic neurons is not well
known (Braak and Braak, 2000). Nevertheless, there is a growing evidence
that supports aSyn oligomerization and fibrillation as a leading cause of PD
development (Conway et al., 1998; Narhi et al., 1999; Tsigelny et al., 2012).
Which species of aSyn are toxic has been widely debated and evidence links
either  fibrillary  forms  (Trojanowski  and  Lee,  1998)  or  intermediate  soluble
oligomer aSyn species (Conway et al., 2000) as being the most toxic. Specific
aSyn mutations that favor aSyn oligomerization instead of fibrillization have
been linked to increased toxicity. This is most likely due to higher affinity to
associate with membranes (Karpinar et al., 2009; Winner et al., 2011;
Rockenstein et al., 2014), impact receptor activation (Diogenes et al., 2012),
mitochondrial function (Luth et al., 2014), SNARE complex assembly and
subsequent dopamine release (Choi et al., 2013).

Accordingly, synaptic dysfunction due to small aSyn aggregate
accumulation at the synapses as a reason for the early symptoms of PD and
related synucleinopathies is quite plausible (Kramer and Schulz-Schaeffer,
2007; Schulz-Schaeffer, 2010). Likely, the overt neuronal loss of dopaminergic
neurons is preceded by the disturbances in the synapse, where loss of function
(Collier et al.,  2016; Dettmer et al., 2016) or gain of toxicity (Tsigelny et al.,
2012) of aSyn could elicit dual toxic effects due to aSyn accumulation into the
aggregates that lack functional properties. However, consensus about the
exact nature of aSyn toxicity has not been reached (Benskey et al., 2016; Collier
et al., 2016; Villar-Pique et al., 2016).

2.2 Ubiquitin-proteasome system and autophagy-
lysosomal pathway

The UPS and the ALP are the main protein degradation pathways that are
responsible for the removal of misfolded and damaged proteins as well as
protein aggregates [Fig. 1] (Rubinsztein, 2006). The UPS is responsible for the
degradation of the majority of the proteins, approximately 80-90%, including
short lived and damaged substrates (Rock et al., 1994). Then again, autophagy
is mostly responsible for the degradation of long-lived, aggregated proteins
and organelles (Lilienbaum, 2013). These degradation systems work in
tandem to not only degrade proteins into polypeptides, but also to maintain
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the energy equilibrium during starvation. Besides, aforementioned pathways
are involved in the control of protein quality (Lilienbaum, 2013).

Many, if not all, of the neurodegenerative proteinopathies and their toxic
effects can be at least in part attributed to the damaged or hampered protein
degradation pathways (Rubinsztein, 2006), and aSyn linked pathology is not
an exception. Aggregation of aSyn is accompanied by autophagic,
proteasomal, and lysosomal alterations. Even though it is not fully understood
how aSyn clearance is divided among different degradation pathways there are
factors that contribute to the partition of aSyn clearance. The most studied
changes affecting aSyn clearance are the folding state, post-translational
modifications, localization, oligomer forms, and solubility (Martinez-Vicente
and Vila, 2013). Nevertheless, ageing could be considered the greatest risk of
PD development as all the cellular mechanisms that are affected in the normal
ageing are affected in PD, including aberrations in the UPS and ALP. The only
difference is the rate of the deterioration of protein degradation systems
(Collier et al., 2011). In the subsequent chapters, I will briefly discuss
machinery regulating the UPS and ALP, and how these pathways are involved
in  aSyn  processing  both  during  the  basal  state  and  during  the  pathological
formation of aSyn inclusions and aggregates.

Figure. 1 Schematic representation of proteasomal system and autophagy role in the
degradation of aggregation prone proteins. aSyn under physiological conditions is in a
monomeric state, however, dimerization and subsequent formation of oligomers and protofibrils,
aggregates, fibrils and insoluble amorphous and amylogenic inclusions can occur. Different parts
of the protein degradation system are responsible for the proteolysis of these protein species.
Methods in Enzymology, Vol. 588, Tan and Wong, Kinetics of Protein Aggregates Disposal by
Aggrephagy, Pages 245-281., copyright (2017), with permission from Elsevier.
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2.2.1 Role on the proteasomal system in protein degradation
 The UPS functions by covalently binding ubiquitin with proteins that are

aimed  for  degradation.  Ubiquitin  is  linked  to  the  lysine  residues  of  the
substrate by ubiquitin activating (E1), conjugating (E2), and ligating (E3)
enzymes (Hershko et al., 1983), and this process is repeated multiple times to
create a polyubiquitin chain (Chau et al., 1989). If the polyubiquitinated
substrate is intended for the 26S proteasomal degradation, then ubiquitin is
covalently bound by a K48 residue. These K48 chains are recognized as a
canonical signal that sequesters mostly short-lived proteins for 26S
proteasomal degradation (Chau et al., 1989; Xu et al., 2009).
Polyubiquitylated proteins are then degraded by the 26S proteasomes (Fig.
2A), which is a large protease complex that consists of a proteolytic core (20S)
and two 19S regulatory units (called PA700 in mammals). The entrance of the
20S unit can be opened up by an array of proteasomal regulatory complexes:
PA28, PA200, and PA700 that confer the conformational changes to the 20S
subunit (Rechsteiner and Hill, 2005; Stadtmueller and Hill, 2011). Only
PA700 is able to remove the polyubiquitin conjugates from the protein prior
to degradation (Lim and Tan, 2007).

However, ubiquitin has seven lysine residues, and modifications at
either of these residues are targeting proteins for a different fate that not
necessarily means degradation (Pickart and Fushman, 2004). A fairly recent
study has shown that all ubiquitin modifications at lysine residues apart from
K63 can at least partially send proteins for the 26S degradation as shown by
mass-spectrometry analyses after the proteasomal inhibitor treatment (Xu et
al.,  2009).  Additionally,  it  has been shown that a  single K48 substitution is
lethal in yeast (Finley et al., 1994), while substitution of up to four of the lysine
residues other than K48 in yeast can produce aberrant yet viable cells (Xu et
al., 2009). Nevertheless, ubiquitination is not necessarily required for
proteasomal degradation (Liu et al., 2003). It has become apparent that both
26S and 20S can degrade different pools of the same protein in a non-selective
manner by either 20S or 26S, however (Fig. 2B), the primary requirement of
ubiquitin-independent degradation is the presence of an unstructured region
in the substrate (Liu et al., 2003; Asher et al., 2005).

2.2.2 aSyn processing by proteasomal system
It has been a long-held notion that for a protein to be degraded via 26S

the proteasome substrate has to be conjugated with at least 4 ubiquitin
molecules (Hicke, 2001). Around at the same time, it was demonstrated that
in vitro native aSyn is degraded by purified 20S proteasomes. Besides,
proteasomal inhibition in neuroblastoma cells did not increase accumulation
of  the  ubiquitinated  aSyn  forms  (Tofaris  et  al.,  2001).  While  the  most
abundant forms of aSyn in LBs are monoubiquitinated and to a lesser extent
biubiquitinated, approximately 10% of the total aSyn in LBs is unmodified
(Hasegawa et al., 2002; Tofaris et al., 2003; Anderson et al., 2006). Liu et al.
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(2003) later showed that latent 20S proteasomes are able to digest substrates
with natively disordered regions. This observation provided compelling
evidence that aSyn does not exclusively require ubiquitination to be targeted
for UPS degradation.

Several E3 ligases are able to ubiquitinate aSyn (Chung et al., 2001;
Liani et al., 2004; Shin et al., 2005; Mulherkar et al., 2009; Tofaris et al., 2011).
Recent evidence in cell free conditions have showed that monoubiquitinated
aSyn is degraded by 26S proteasomes (Shabek et al., 2012) but the extent of
the degradation is dependent on the ubiquitin ligation site on aSyn. Notably,
the N-terminal lysine ubiquitination was shown to correlate with increased
aSyn degradation by proteasomes, while modification at the middle of aSyn
did not increase the protein degradation (Abeywardana et al., 2013).
Interestingly, the monoubiquitinated aSyn has been shown to exhibit
differences in the rate of aSyn aggregate formation (Meier et al., 2012). aSyn
monoubiquitinated at lysine residues (K12, K21, and K23) has been shown to
be present in LBs (Anderson et al., 2006) and show similar fibril formation
capacity to that of native aSyn protein or decreased fibril formation rate and
aggregation in to small aggregates if modified at K12 and K21 (Meier et al.,
2012).

Perhaps the best-known ligase associated with aSyn is parkin. Its
deficiency has been associated with the accumulation of a rare form of O-
glycosylated aSyn in parkin-deficient PD patient brains. A particular aSyn
modification was shown to be a substrate for the parkin ligase while native
aSyn is not ligated by parkin (Shimura et al., 2001). Interestingly, O-
glycosylated aSyn was not detected in the transfected human embryonic
kidney  (HEK-293)  or  neuroblastoma  SH-SY5Y  cells  and  thus  could  be  a
specific modification present only in the parkin-deficient PD patient brains
(Chung et al., 2001). It was not surprising that the first reported familial
mutation that was linked to the UPS was in Parkinson protein 2, E3 ubiquitin
protein ligase gene (PRKN2 or PARKIN). This familial mutation causes
juvenile PD (Kitada et al., 1998), and later many other gene mutations in
PRKN2 gene (Khan et al., 2003), and for example, a gene coding for ubiquitin
C-terminal hydrolase isozyme L1 was linked to early onset PD (Leroy et al.,
1998).

So far, a set of different ligases have been shown to ligate aSyn and the
monoubiquitination of aSyn has been detected at seven different lysine
residues  of  aSyn  (Nonaka  et  al.,  2005;  Rott  et  al.,  2008).  For  example,  E3
ubiquitin-ligases SHIA1 and SHIA2 (seven in absentia homolog) are able to
ubiquitinate native aSyn in vitro (Liani et al., 2004). The effect was
corroborated by two independent research groups in cell models (Lee et al.,
2008a; Rott et al., 2008). Moreover, SIAH binds and ubiquitinates aSyn
binding protein, synphilin-1 (Liani et al., 2004). Synphilin-1 is a major
component of LBs (Wakabayashi et al., 2000) and can as well be ubiquitinated
by parkin. Notably, overexpression of both aSyn and synphilin-1 is required
for the LB-like inclusions to be ubiquitinated by parkin (Chung et al., 2001).
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While aforementioned ligases are associated with native aSyn modification,
E6  associated  protein  has  been  shown  to  sequester  aSyn  oligomer  forms
(Mulherkar et al., 2009) and Hsp70-interacting protein preferentially
recognizes and mediates degradation of toxic oligomers (Tetzlaff et al., 2008)
either via proteasomal or lysosomal degradation (Shin et al., 2005).
Additionally, E3 ubiquitin-protein ligase is involved in the ubiquitination of
aSyn but due to the modification occurring on the K-63 residue it is believed
that aSyn is targeted to lysosomal degradation (Tofaris et al., 2011).

Not only aSyn ubiquitination enzymes are conferring aSyn toxicity but
it has also emerged that alteration in deubiquitinase USP9X levels modulates
aSyn monoubiquitination levels. USP9X activity retains aSyn in cells, thus
pointing  to  the  more  favorable  degradation  of  monoubiquitinated  aSyn  via
proteasomes as opposed to the lysosomal pathway. Upon proteasomal
impairment, USP9X decreases monoubiquitinated aSyn and subsequent
inclusion formation (Rott et al., 2011). It is supported by the observation that
SIAH-1-mediated aSyn ubiquitination promotes aggregation and toxicity (Lee
et al., 2008a). Another deubiquitinase, ubiquitin specific peptidase 8 (USP8),
has been implicated in the pathology of aSyn processing, as it has been shown
that increased activity of USP8 retains cellular aSyn (Alexopoulou et al., 2016).
To add another layer of complexity to aSyn ubiquitination, the ubiquitin-
related conjugating system of small ubiquitin-like modifiers (SUMO) has been
shown to act as an aSyn ubiquitination inhibitor. PIAS2 (protein inhibitor of
activated STAT 2) was shown to inhibit aSyn ubiquitination by both SIAH-2
and E3 ubiquitin-protein ligase ligases. Besides, accumulation of SUMOylated
proteins have been detected in PD and LBD brains (Rott et al., 2017).

2.2.3 aSyn aggregation and its role on the proteasomal system
Ubiquitinated protein inclusions have been observed in an array of

neurodegenerative diseases including LBD (Lowe et al., 1988). Additionally,
primary dopaminergic tyrosine hydroxylase positive (TH+) cells confer high
vulnerability to UPS alterations, and parkin overexpression was demonstrated
to at least partially rescue dopaminergic neurons from A53T aSyn
overexpression and proteasomal inhibition (Petrucelli et al., 2002).  Loss of
proteasomal subunits and impaired proteasomal activity in sporadic PD
patients are almost exclusively restricted to the substantia nigra [SN]
(McNaught et al., 2002; St. P. McNaught et al., 2003). While Chu et al. (2009)
have shown that 20S proteasome staining intensity in nigral neurons are
decreased only in the neurons harboring inclusions.
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Figure. 2 Representation of the proteasomal degradation pathway under the
physiological conditions and in case of synucleinoapathies. (A) the 26S proteasomal
degradation pathway processes short-lived, damaged proteins. This ATP-dependent process
requires substrate conjugation with a ubiquitin chain in order to be recognized and degraded by
the 26S proteasome. (B) 26S and 20S proteasomal degradation is possible independently of ATP
and ubiquitin conjugation for proteins that contain an unstructured region. (C) aSyn aggregates
and fibrils can directly bind proteasomes and inhibit protein degradation. Adapted from: Ben-Nissan
G, Sharon M (2014) Regulating the 20S Proteasome Ubiquitin-Independent Degradation Pathway,
Biomolecules 4(3):862-884. Distributed under the Creative Commons Attribution License (CC BY
3.0).

Inclusion formation in vivo is enhanced by the pharmacological inhibition
of proteasomes. Proteasomal inhibitor injections into the medial forebrain
bundle results in widespread proteasomal inhibition in the SN and subsequent
accumulation of LB like inclusions and motor impairment in mice (Xie et al.,
2010). A similar effect can be achieved by conditionally deleting the 26S
protease regulatory subunit 4 without affecting the activity of 20S
proteasomes. In the affected brain areas, researchers reported LB-like
accumulation, substantial neuronal degeneration, and motor deficits
characteristic of PD (Bedford et al., 2008). When considering the familial PD
form, SNCA triplication, the Singleton et al. (2003) report shows an extensive
LB formation in the affected individuals, thus at least indirectly pointing to the
increased and pathological aSyn ubiquitination.

aSyn overexpression models in cells (Tanaka et al., 2001; Petrucelli et al.,
2002) and in animals (Chen et al., 2006b) have shown that aSyn accumulation
has an inhibitory effect on proteasomes (Fig. 2C). Interestingly, the familial
form of A53T aSyn mutant is more toxic to the UPS (Stefanis et al., 2001) as it
is  degraded  slower  than  native  aSyn  (Bennett  et  al.,  1999).  Soluble  aSyn
oligomers and insoluble filaments have been shown to inhibit chymotrypsin-
like activity of 20S proteasomes with -amyloid like structures being
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important for the inhibitory activity (Lindersson et al., 2004). In another
study, aSyn aggregates have been shown to bind and inhibit 26S ubiquitin-
dependent and ubiquitin-independent protein degradation in HEK-293 cells
(Snyder et al., 2003). A recent study by Thibaudeau et al. (2018) has yielded a
common UPS inhibitory feature shared by oligomers related to PD, AD, and
Huntington’s disease where soluble oligomers were shown to inhibit the 20S
subunit by an allosteric stabilization of the closed gate conformation of the 20S
core enzyme. In the particular study, the aforementioned disease oligomer
fractions that could inhibit the 20S subunit were immunoreactive against an
oligomer specific antibody (A11) that has been described in detail by Kayed et
al. (2003).  This inhibitory effect was achieved by impairing a HbYX motif that
is required for the binding and activation of the 20S subunit by many of the
proteasomal  regulators  (Thibaudeau  et  al.,  2018).   Emmanouilidou  et  al.
(2010) had earlier demonstrated that intermediate aSyn oligomer species can
inhibit 26S proteasomal activity and that this inhibitory effect was lost when
pharmacological dissociation of aSyn oligomers was performed.

2.3 Autophagy-lysosomal pathway

There are three major types of the ALP: macroautophagy, microautophagy,
and chaperone-mediated autophagy (CMA). Among them, macroautophagy is
responsible for degradation of majority of the proteins, especially during
starvation (Mizushima et al., 2002). Even though substrate recognition differs
among these three autophagy types, lysosomal degradation is an important
feature  shared  by  them  all.  Neurons  are  especially  reliant  on  the  proper
autophagic  function.  The  brain  is  very  often  the  most  affected  organ  as
deleterious mutations in genes linked to the ALP and lysosomal disorders are
often reported in neurodegenerative disorders (Nixon, 2013). In the
subsequent chapters, I will briefly discuss all three autophagy types and how
each of them is involved in aSyn degradation and pathology.

2.3.1 Chaperone-mediated autophagy (CMA) core machinery
CMA (Fig. 3A) is initiated when heat shock cognate 71 kDa protein (Hsc70)

recognizes specific amino acid sequences on damaged proteins and
chaperones designated proteins to the lysosome (Chiang et al., 1989). Hsc70
and the substrate binds to the lysosome membrane protein type 2A (Lamp2a)
receptor that is located on the lysosomal membrane (Cuervo and Dice, 1996),
thereafter the substrate is unfolded, most likely by Hsc70 (Salvador et al.,
2000). For a substrate to be degraded, Hsc70 disassembles from the substrate
in an ATP-dependent manner. Then, the substrate-Lamp2a complex binds
more Lamp2a molecules to create a multimer-Lamp2a complex, as
monomeric Lamp2a lacks the ability to translocate the substrate across the
lysosomal membrane (Bandyopadhyay et al., 2008). Importantly, binding to
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Lamp2a is the time limiting step in the CMA (Cuervo and Dice, 1996). CMA is
considered to be the main catabolic pathway for oxidized, misfolded, damaged,
and aggregation prone proteins and is severely impaired during ageing (Kiffin
et al., 2004).

Figure. 3 CMA under physiological conditions and in case of the aSyn accumulation and
PD. (A) CMA mediates wild-type aSyn degradation under basal conditions. (B) CMA mediated
aSyn degradation is impaired in synucleinopathies. Increased amount of wild-type aSyn can block
CMA due to excess of substrate. Familial aSyn forms (A30P and A53T), as well as post-
translational modifications (aSyn dopamine modification), have been shown to inhibit Lamp2a
protein due to high binding affinity that blocks degradation of native Lamp2a substrate. Adapted
from: Sala G, Marinig D, Arosio A and Ferrarese C (2016) Role of Chaperone-Mediated Autophagy
Dysfunctions in the Pathogenesis of Parkinson’s Disease. Front. Mol. Neurosci. 9:157.Distributed
under the Creative Commons Attribution License (CC BY 4.0).

2.3.2 Role of CMA in aSyn clearance
Native aSyn contains KFERQ CMA recognition motif that, during basal

conditions, directs aSyn for CMA dependent degradation (Cuervo et al., 2004).
Even though primary aSyn degradation in the ALP pathway functions via CMA
pathway upon stressful stimuli, excessive aSyn protein burden can be directed
to macroautophagy dependent aSyn degradation (Xilouri et al., 2009). This
seminal work highlighted the impact of aSyn on the CMA rate-limiting step:
aSyn  binding  to  Lamp2a.  Notably,  familial  forms  of  aSyn,  A30P and  A53T,
were shown to associate with lysosomal membrane receptor Lamp2a (Fig. 3B)
without being translocated into the lysosome, thus in effect working as an
inhibitor of Lamp2a receptors (Cuervo et al., 2004). In vivo, co-
overexpression of wild-type (wt) aSyn and Lamp2a in the rat nigrostriatal tract
has been show to ameliorate aSyn protein load, and decrease phosphorylated
and sodium dodecyl sulfate (SDS) soluble aSyn levels. Noticeably, the diffuse
distribution pattern of aSyn observed after aSyn overexpression was lost when
aSyn  was  co-expressed  together  with  Lamp2a.  This  study  showed  that
increasing CMA activity by manipulating the rate-limiting step in CMA
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mediated flux of wt aSyn most likely due to decrease in total monomeric aSyn
levels (Fig. 3B) as well as by decreasing CMA-related protein accumulation due
to CMA-inhibitory aSyn oligomer/post-translational modifications (Xilouri et
al., 2013). Inversely, downregulation of Lamp2a with virus vectors expressing
short hairpin RNAs targeting Lamp2a resulted in accumulation of aSyn puncta
and substantial dopaminergic neuron loss in SNpc (Xilouri et al., 2016).

These observations would be in line with previous reports, of post-
translationally modified aSyn (phosphorylated, ubiquitinated, nitrated, and
oxidized) having a decreased degradation rate via CMA (Fig. 3B). Importantly,
while the above-mentioned aSyn modifications are less susceptible for CMA
degradation, dopamine modified aSyn was demonstrated to act similarly to
mutated aSyn and inhibit other CMA-related protein degradation.
Consequently, dopaminergic neuron vulnerability could be partially attributed
to cellular presence of dopamine (Martinez-Vicente et al., 2008). Dopamine
modified aSyn was shortly thereafter shown to have an altered conformation
with the C- and N-terminal portions of aSyn positioned in close proximity that
led  to  decreased  fibrillation  (Outeiro  et  al.,  2009).  These  conformational
changes could lead to the shift in aSyn favoring oligomeric species formation
as opposed to fibrils. Nevertheless, oligomer species-related toxicity was not
observed in the SH-SY5Y neuroblastoma cell line after 24-hour treatment, but
it could not be excluded that in a more physiological setting aggregates could
be potentially harmful (Yamakawa et al., 2010). Although aSyn’s inhibitory
effect on the CMA is partially ablated by upregulation of the bulk autophagy
under basal conditions, this effect cannot be entirely reversed under oxidative
stress conditions. Lamp2a downregulation confers increased sensitivity to
oxidative stress (Massey et al., 2006) and at least in SH-SY5Y cells
macroautophagy has been shown to exacerbate neuronal cell loss after CMA
inhibition. However, this neuronal cell loss most likely correlates with an
increase in autolysosome formation. In the case where autophagosome
formation exceeds lysosomal capacity to degrade autophagosomes, cargo
accumulation in the aforementioned autophagosomes has been suggested as a
possible cause of neuronal toxicity after CMA inhibition (Xilouri et al., 2009).

Interestingly,  aSyn  accumulation  and  ensuing  blockage  of  CMA  leads  to
decreased binding between protein myocyte enhancer factor 2D (MEF2D) and
Hsc70. MEF2D is an essential transcription factor for neuronal survival and
upon CMA inhibition the inactive form of it accumulates in the cytosol. PD
brains contain increased levels of the inactive protein that is not capable to
bind DNA and sustain neuronal survival signals (Yang et al., 2009).
Additionally, in the case of PD pathology, Lamp2a and Hsc70 levels are
decreased in post-mortem PD brains (Alvarez-Erviti et al., 2010). Increased
aSyn levels and decreased Hsc70 protein levels in early sporadic PD patients
correlate with ablated Lamp2a protein levels and aberrations linked to the
CMA protein degradation proceed those seen in late PD (Murphy et al., 2015).
Additionally, researchers have reported an increase in microtubule-associated
protein 1 light chain 3 (LC3II) levels (Alvarez-Erviti et al., 2010), however, in
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this  case  interpretation  of  induced  autophagy  in  PD  patients’ post-mortem
brains should be taken with caution. Increase in LC3II levels alone without
verification of other autophagy markers and structure of autophagosomes
could as well be an indicator of the cumulative inhibition in bulk autophagy
and lysosomal dysfunction (Spencer et al., 2009).

2.3.3 Macroautophagy core machinery
In literature, macroautophagy and autophagy are used synonymously and

hereafter in the text will be referred to as autophagy. Under physiological
conditions basal autophagy is low, however, under stress and external stimuli
cells can upregulate autophagy very fast. Autophagy is mainly initiated
through inhibition of the mammalian target of rapamycin (mTOR) signaling
pathway, although the autophagic flux can also be activated via indirect
activation of the vacuolar protein sorting 34 (VPS34)-beclin1 complex which
is independent of mTOR (He and Klionsky, 2009; He and Levine, 2010).
Autophagy  is  an  important  ALP  that  is  responsible  for  bulk  degradation  of
cytoplasmic and aggregated proteins. Autophagic degradation is initiated by
the formation of an isolation membrane that engulfs a portion of the cytoplasm
around the substrate. After the completion of a double-layer autophagosome,
the outer membrane of the newly formed vesicle is fused to the lysosome. This
process is considered non-selective as it degrades proteins, their aggregates,
and organelles (Mizushima et al., 2002). However, the initial idea that
autophagy is non-selective can be attributed only to a small fraction of cellular
processes arising from the studies with starved yeast cells. Mammalian or
yeast  cells  that  are  under  duress  of  stress,  caused  by  nutrient  shortage,
consequently recycle cellular components to compensate for the lack of
nutrients. In this specific example, it is believed that autophagy is somewhat
non-selective. Nevertheless, autophagy is essential for the homeostatic
processes within the cell, and non-starved cells will non-selectively degrade
components of the cytosol, including damaged mitochondria, peroxisomes,
invading pathogens, as well as protein aggregates (Zaffagnini and Martens,
2016). Selectivity of the autophagic processes was proven with the discovery
of  the  autophagy  receptors,  for  example,  p62  (sequestosome  1/ubiquitin-
binding protein p62) and NBR1 (next to BRCA1 gene 1 protein). p62 and NBR1
have been shown to preferentially sequester aSyn aggregates for autophagy-
dependent degradation and are able to recognize both ubiquitinated
substrates  and  cargo  recognition  elements  on  the  inner  side  of  the
autophagosome LC3II (Watanabe et al., 2012; Shaid et al., 2013).

The autophagy core machinery is mediated by approximately 36
autophagy-related (Atg) proteins that have largely been identified via yeast
studies. Three core protein complexes and their subsequent interactions can
be used to describe initiation and formation of autophagy (Fig. 4). Initiation
of bulk autophagy requires assembly of ULK1 (unc-51-like kinase 1) complex
consisting of ULK1/2 (Atg1 in yeast), Atg13, FIP200 (focal adhesion kinase



14

family  interacting  protein  of  200  kDa;  Atg17  in  yeast),  and  ATG101  that  is
exclusively found in eukaryotic cells. After autophagy activation, ULK1/2
complex translocates to the pre-autophagosomal structure (site of
autophagosome formation) in the yeast or omegasome/cradle in mammals
where it recruits a second (VPS34) core complex. VPS34 consists of
phosphoinositide 3-kinase catalytical subunit Vps34 that in turn forms a
complex  with  the  protein  kinase  Vps15  and  beclin1  (Atg6  in  yeast).
Subsequently, Vps34 forms an autophagy specific complex with Barkor (beclin
1-associated autophagy-related key regulator; ATG14).

Figure. 4 Initiation of bulk autophagy starts by assembly of ULK1 after input from various
kinase pathways and environmental cues. ULK1 translocates to an omegasome or pre-
autophagosomal structure and recruits the VPS34 core complex. The Atg12-Atg5-Atg16L1 and
LC3II conjugation systems promote the elongation of the phagophore and closure of the
autophagosome. Autophagy receptors p62 sequester ubiquitinated proteins and binds to the
lipidated LC3II at the inner phagophore side. After closure of autophagosome, it fuses with a
lysosome. The newly formed autolysosome contains hydrolytic enzymes from lysosome that
degrades autophagy cargo. Adapted from: Ndoye A and Weeraratna AT (2016) Autophagy- An
emerging target for melanoma therapy. F1000Research, 5(F1000 Faculty Rev):1888. Distributed
under the Creative Commons Attribution License (CC BY 4.0).

Formation of the phosphoinositol 3-phosphate (PI3P) signals other PI3P-
binding proteins that are responsible for the formation and expansion of the
pre-autophagosomal  structure  into  the  fully  enclosed  autophagosome.  Even
though this process is not fully understood, it requires a third core complex
recruitment that acts in a similar manner as a ubiquitin E3 ligation system.
The Atg12-Atg5-Atg16L1 conjugation system is required for the conjugation of
the LC3II (Atg8 family) to phosphatidylethanolamine. LC3II proteins are
believed to be responsible for recognition of the cargo and regulatory proteins,
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autophagosome closure, and fusion with lysosome (Otomo et al., 2013; Hurley
and Schulman, 2014; Suzuki et al., 2017; Zachari and Ganley, 2017).

Importantly, only autophagy is capable of targeting and removing large,
insoluble protein inclusions. In autophagy deficient systems,
neurodegeneration and severe neuronal pathology is observed. Essential
autophagy gene (Atg5 and Atg7) deletions leads to cytosolic incisions of
ubiquitinated proteins and motor impairments (Hara et al., 2006; Komatsu et
al., 2006; Tan and Wong, 2017).

2.3.4 Macroautophagy’s role in the processing and degradation of
aSyn

Proof that aSyn is degraded not only by the UPS but also by ALP pathway
came from D. Rubinsztein’s lab. They were able to show that a common
autophagy inducer, rapamycin, is able to increase the clearance of both wt and
common familial PD variants of aSyn (Webb et al., 2003). In previous chapters
it was briefly described that autophagy is likely a compensatory mechanism
after CMA machinery becomes incapacitated and that autophagy confers
increase in neuronal toxicity (Xilouri et al., 2009). Nevertheless, the signaling
pathway responsible for the activation of autophagy has been suggested as an
important factor in determining protective or harmful effects of autophagy on
the aSyn degradation process. Particularly, Vps34-beclin1 dependent
activation has been linked to cell survival after aSyn accumulation.
Overexpression of beclin1 has been shown to promote cell survival after aSyn
overexpression due to increased lysosomal activity (Spencer et al., 2009).
There is indication that increase in aSyn protein levels negatively regulates
very early stages of autophagy by inhibiting pre-autophagosomal structure
formation (Fig. 4). Namely, an essential autophagy protein, Atg9, colocalizes
with the trans-Golgi network and LC3II-positive vesicles. When autophagy is
induced,  the  amount  of  Atg9  shifts  from  the  trans-Golgi  network  and
predominantly are seen together with LC3II that is indicative of
autophagosome formation. However, in case of increased aSyn protein levels
Atg9 transfer is not initiated (Winslow et al., 2010).

Even with all of the advancements in the ALP and UPS fields autophagy’s
role in aSyn degradation is unclear. It is indicative that autophagy is an
important pathway for aSyn degradation (Webb et al., 2003; Vogiatzi et al.,
2008) while other reports have been contesting this role (Cuervo et al., 2004).
In vivo approaches with transgenic animals and the paraquat-toxin model
have given some hints of CMA involvement in aSyn degradation when cells are
presented with increased aSyn protein burden (Mak et al., 2010). ALP
inhibition in wt mouse does not seem to contribute to the induction of aSyn
clearance via autophagy, while transgenic human wt aSyn-expressing animals
after ALP inhibition had an increased accumulation of aSyn inclusions. The
authors suggested that only upon increased aSyn protein accumulation the
UPS cannot cope with aSyn burden and ALP is activated (Ebrahimi-Fakhari et
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al., 2011). Indeed, upon cell treatment with bafilomycin A1, that blocks fusion
of autophagosomes and lysosomes, aSyn is more readily accumulated near
lysosomes while a milder effect was observed with 3-methyladenine, an
inhibitor that more specifically inhibits only macroautophagy (Klucken et al.,
2012).

Additionally, inhibition of the autolysosome formation by bafilomycin A1
is accompanied by an increase in p62. Interestingly, immediately after aSyn
fibril addition to the HEK-293 cells aSyn positive inclusions were observed in
the autophagosome lumen. It was suggested that due to autophagosome co-
localization with LBs in the brains of LBD patients it is likely that not only aSyn
aggregates  but  also  higher  order  inclusions  can  undergo  degradation  via
autophagy (Watanabe et al., 2012). Opposite effects were shown in a more
recent work. Similarly, preformed aSyn fibrils were added to HEK-293 cells or
primary neuronal cultures, however in this case HEK-293 cells were
expressing aSyn. Formed aSyn aggregates were not degraded by autophagy,
but rather impaired autophagosome maturation and led to the accumulation
of aforementioned autophagosomes (Tanik et al., 2013).

Studies with p62-deficient aSyn transgenic mice have produced an
additional  role  for  p62  in  aSyn  pathology.  p62-deficient  animals  showed
increased accumulation of LB-like inclusions and it was found that another
autophagy receptor, NBR1, is upregulated. aSyn aggregates observed in p62-
deficient animals exhibited a higher degree of phosphorylation (Tanji et al.,
2015).  Increased  levels  of  NBR1  has  been  correlated  with  increased  LB-like
inclusion formation. NBR1/p62 could potentially have an antagonistic role in
the formation of aSyn aggregates (Odagiri et al., 2012). Interestingly, in
another proteinopathy (sporadic inclusion body myositis) NBR1 related
protein degradation was shown to be inhibited by the phosphorylation event
of glycogen synthase kinase 3 . This in turn inhibited protein aggregation and
retained ubiquitinated NBR1 substrate in the cells (Nicot et al., 2014).

Consequently, it has been proposed that in case of increased aSyn levels the
main  degradation  pathway  could  be  autophagy,  however  CMA  involvement
cannot be excluded (Ebrahimi-Fakhari et al., 2011). In vitro studies with
autophagy inhibition by 3-methyladenine or knockdown of beclin1 or Atg5 has
been shown to correlate with increased levels of aSyn oligomer formation that
were specifically recognized by A11 oligomer antibody. Autophagy favors
removal of larger aSyn aggregates (Yu et al., 2009), additionally, the
bafilomycin A1 sensitive pathway seems to be important in aSyn aggregate
removal. Increased toxicity after bafilomycin A1 treatment correlated with
decreased aSyn aggregation. This points to aSyn aggregation as a detoxifying
mechanism at least in the context of autophagic degradation. However,
additive toxic effect of aSyn and bafilomycin A1 co-treatment cannot be
excluded (Klucken et al., 2012).
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2.4 aSyn phosphorylation role in aSyn aggregation and
degradation

Phosphorylation at serine-129 (p-S129) is the predominant modification of
aSyn in LBs (Anderson et al., 2006), as dramatic accumulation of this
particular modification has been reported in brain samples with different
forms of synucleinopathies (Kahle et al., 2000a; Fujiwara et al., 2002) and
similar pathology has been reproduced in vivo in different PD animal models
(Neumann et al., 2002; Yamada et al., 2004). Under physiological conditions
in rat brain, aSyn phosphorylation is below 4% and aSyn is rapidly
dephosphorylated post-mortem (Fujiwara  et  al.,  2002).  Stress  causes  rapid
aSyn dephosphorylation in the striatum while the observed effect is
diminished in aged animals. It is possible that phosphorylation of aSyn can
mediate synaptic plasticity upon acute stress (Hirai et al., 2004). Recently, a
report  has  shown that  p-S129  aSyn  levels  are  naturally  increased  in  the  SN
region of healthy human brains (Muntane et al., 2012). Additionally, aSyn
phosphorylation has been implicated in the regulation of dopamine
transporter activity, membrane bound aSyn was shown to increase dopamine
transporter capacity to uptake dopamine. This finding uncouples the idea that
phosphorylation  of  aSyn  is  the  toxic  event  only  in  the  aggregate  formation
stage (Hara et al., 2013). aSyn membrane bound capacity has been shown to
decrease in the case of p-S129 (Azeredo da Silveira et al., 2009; Visanji et al.,
2011; Kuwahara et al., 2012) thus aSyn phosphorylation could be the cue that
physiologically cycles aSyn between membrane bound cytosolic fractions
(Hara et al., 2013). Consequently, aSyn phosphorylation likely plays an
important physiological role in aSyn functions; at the same time upon
disruption in cell homeostasis it could potentially mediate aSyn aggregation,
inclusion formation, and dopaminergic cell death (Tenreiro et al., 2014a;
Oueslati, 2016).

Inhibition of the proteasomal system increases aSyn accumulation,
especially the amount of phosphorylated aSyn in the SN (Bentea et al., 2015)
that is coupled with increase in kinase activity and aSyn phosphorylation upon
proteasomal inhibition (Chau et al., 2009). There are indications that
phosphorylated aSyn is more favorably targeted for the proteasomal system
and degradation in an ubiquitin-independent manner. However, p-S129 aSyn
half-life is much shorter than that of the native aSyn, an indication that the
modification could potentially be used as a signal for rapid aSyn processing
and removal from cells at least under basal conditions (Machiya et al., 2010).

In  a  yeast  model,  an  aSyn  phosphorylation  resistant  mutant  failed  to
activate autophagy (Tenreiro et al., 2014b). A recent link between polo-like
kinase 2 (PLK2) and aSyn degradation has been implicated in targeted aSyn
degradation. PLK2 was shown to phosphorylate aSyn and increase aSyn
autophagic degradation. Importantly, a Ser-129 phosphorylation event as well
as PLK2/aSyn complex formation was required for aSyn degradation and
subsequent  neuronal  survival  (Oueslati  et  al.,  2013).  aSyn-PLK2 complex  is
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stabilized by the phosphorylation event but actual complex degradation is
mediated by PLK2 polyubiquitination that allows this complex to be selectively
recognized by macroautophagy receptors. Polo-like kinase 3 (PLK3) was
shown to form a similar complex with aSyn and could represent a novel and
selective aSyn degradation pathway (Dahmene et al., 2017).

2.5 Overview of prolyl oligopeptidase (PREP)

PREP  (POP,  PO,  or  PEP)  is  a  serine  protease  (EC  3.4.21.26)  that  is
ubiquitously expressed throughout the body with the highest protein levels in
brain, kidney, testis, and thymus (Goossens et al., 1996; Myohanen et al.,
2008). In the brain, the highest PREP protein expression and activity is seen
in cortical and nigrostriatal tissues (Irazusta et al., 2002; Myöhänen et al.,
2007) with almost exclusive localization in the neuronal cells (Rossner et al.,
2005). mRNA levels of PREP are the highest during cellular differentiation
and neuronal migration, but gradually decrease into adulthood (Agirregoitia
et al., 2010). However, during ageing PREP mRNA levels dramatically
increase (Jiang et al., 2001). Additionally, decreased (Ichai et al., 1994; Mantle
et  al.,  1996b)  and  increased  (Aoyagi  et  al.,  1990)  PREP  activity  have  been
reported  in  AD post-mortem brains. While PREP and -amyloid deposit
colocalization has been demonstrated in the brains of a senescence accelerated
mouse (Fukunari et al., 1994), as well as in AD patients post-mortem brain
samples (Hannula et al., 2013). Moreover, it has been shown that PREP
activity is decreased in PD, LBD, and Huntington’s disease (Mantle et al.,
1996b).

PREP was first identified as an oxytocin-cleaving enzyme from human
uterine tissue (Walter et al., 1971) and later it was shown that PREP cleaves at
the C-terminal side of the proline (Koida and Walter, 1976). Initial
crystallography  studies  with  PREP  demonstrated  that  PREP  is  a  rigid
structure  composed  of  a  catalytical  and  a  -propeller  domain  (Fulop  et  al.,
1998; Fulop et al., 2000). Eukaryotic PREP has restrictive requirements for its
substrate, anything larger than approximately 3 kDa (30 amino acids) cannot
be  cleaved  by  PREP  (Moriyama  et  al.,  1988)  due  to  the  position  of  the
catalytical pocket between the catalytical and -propeller domains (Fulop et
al., 1998). It is believed that the substrate gets to the catalytical pocket from
the side opening between the catalytical and -propeller domain (Szeltner et
al., 2004; Juhász et al., 2005), and that flexible loop structures that are located
near the putative entry site to the catalytical site are essential for gating
peptide access (Szeltner et al., 2013). In the recent years, equilibrium between
closed and open PREP conformation has been demonstrated. Notably, PREP
inhibition shifts protein conformation to the closed monomer (Lopez et al.,
2016) however, eukaryotic PREP has never been crystalized without catalytical
stabilization.
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Some of the most studied PREP substrates are neuropeptides: substance P,
arginine-vasopressin (Toide et al., 1995), and thyrotropin-releasing hormone
[TRH] (Shinoda et al., 1995; Bellemere et al., 2005). Nevertheless, PREP has
been shown to hydrolyze a large set of peptides in vitro, see review by Garcia-
Horsman et al. (2007) for further information. Apart from hydrolytic activity,
PREP has been implicated in the regulation of the inositol cycle in
Dictyostelium Discoideum (Williams et al., 1999), and in neuronal and glial
cell lines (Schulz et al., 2002). PREP can form direct protein interactions with
growth associated protein 43 (GAP-43) independent of PREP enzymatic
activity (Di Daniel et al., 2009) and with glyceraldehyde 3-phosphate
dehydrogenase [GAPDH] (Matsuda et al., 2013). A possible role for PREP in
the cellular trafficking and axonal transport has also been suggested due to
PREP’s  colocalization  with  tubulin  (Schulz  et  al.,  2005).  Recently  it  was
suggested that substrate binding and enzymatic activity of PREP could be
secondary processes and that PREP primarily functions through peptide gated
direct interactions (Mannisto and Garcia-Horsman, 2017).

2.5.1 PREP’s role in aSyn aggregation
PREP was initially thought to bind and hydrolyze a small fragment of the

proline rich C-terminal part of aSyn (Brandt et al., 2005; Brandt et al., 2008).
However, PREP is not able to cleave proteins that exceed 3000 Da (Moriyama
et al., 1988). Eukaryotic PREP selectivity to the substrate size has been
attributed to the restricted movement of the catalytical site and an unusual -
propeller domain that is positioned above the catalytical domain and limits
proteins that have more than ~30 amino acid residues from accessing the
catalytical pocket (Fulop et al., 1998; Fulop et al., 2000). Brandt et al. (2008)
further demonstrated that intact, recombinantly purified aSyn is not cleaved
by PREP but the rate of aSyn aggregation is increased in the presence of PREP.
Notably, aSyn aggregation was abolished by a small molecule catalytical PREP
inhibitor  and  in  the  presence  of  catalytically  inactive  PREP.  It  has  been
postulated that this increase in aSyn aggregation is most likely due to PREP
stabilizing the aSyn conformation that favors nucleation and has little effect
on aSyn aggregate propagation (Lambeir, 2011). Shortly thereafter, the effect
of  PREP  inhibition  on  aSyn  was  shown  to  reduce  high  molecular  weight
aggregates and SDS-insoluble aSyn forms in cell lines overexpressing both wt
and familial forms of aSyn. An interesting observation from the study was that
PREP inhibition visibly reduced the co-localization between PREP and aSyn
staining that prompted an idea that protein-protein interaction could be the
mechanism that facilitates aSyn aggregation (Myohanen et al., 2012).
Savolainen et al. (2015) proved that aSyn aggregation is indeed linked to direct
protein-protein interaction with PREP. Furthermore, the inhibition of PREP
does not dissociate the protein interaction but on the contrary stabilizes the
aSyn-PREP complex. PREP inhibitors change protein conformation and
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creates more tightly packed PREP that most likely does not have the ability to
induce aSyn dimerization but is still able to bind aSyn (Savolainen et al., 2015).

However, decrease of aSyn immunostaining in transgenic aSyn mouse
brains after a short, five-day treatment with PREP inhibitor, KYP-2047, could
not be explained by dissociation between PREP and aSyn. It was suggested
that  PREP inhibition,  apart  from decreasing  aSyn  aggregation  has  a  role  in
aSyn clearance (Myohanen et al., 2012). Shortly thereafter, it was
demonstrated that PREP inhibition indeed increases aSyn clearance, notably
by activating the macroautophagy pathway (Savolainen et al., 2014).
Interestingly, the increase in LC3II, which is an indicator of increased
autophagosome formation, was elevated in transgenic mice treated with a
PREP inhibitor after five-day treatment but the difference was gone after four
weeks of treatment. This observation, together with the decreased aSyn
immunostaining after four weeks, hints that PREP inactivation is sufficient to
clear the aggregates without excessive activation of the autophagy pathway
(Savolainen et al., 2014).

Findings and observations described in this literature review regarding
PREP and aSyn aggregation has been the foundation of this thesis work and in
part serves to delineate some of the molecular mechanisms that govern
pathological aSyn accumulation.
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3 AIMS OF THE STUDY

Therapies targeted at aSyn clearance and reduction in the rate of aSyn
aggregation are just a few of the strategies for the development of the new PD
therapies that has a potential to rescue dopaminergic neurons. The findings
that PREP is a direct interaction partner of aSyn, as well as negative regulator
of autophagy, garnered interest in establishing the role of PREP inhibition as
a potential drug therapy for neurodegenerative disorders. However,
mechanisms of this dual effect of PREP inhibition on aSyn clearance and
aggregation is not understood. Consequently, therapeutic possibilities of
PREP inhibitors are limited unless cellular mechanisms that mediate
autophagy induction and PREP’s role on aSyn aggregation can be explained.
The aim of this study was to establish PREP’s role in autophagy regulation and
in the aSyn aggregation process and to investigate the impact of chronic PREP
inhibition on viral overexpression of aSyn.

The specific aims of the study were:

I. To study aSyn aggregation process and toxicity after restoration of
PREP in PREP knockout cells and mouse nigrostriatal tract.

II. To establish the impact of long-term PREP inhibition by KYP-2047
on the motor performance, dopaminergic cell survival, and aSyn
aggregation process in aSyn adeno-associated virus (AAV) mouse
PD model.

III. To characterize PREP involvement in signaling pathways that lead
to negative autophagy regulation and potential of PREP inhibition
to alter these pathways.
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4 MATERIALS AND MAIN METHODS

4.1 Reagents

Reagents were purchased from Sigma if not specified otherwise. The PREP
inhibitor, KYP-2047 (4-phenylbutanoyl-l-prolyl-2(S)-cyanopyrrolidine), was
synthesized in the School of Pharmacy, University of Eastern Finland (Jarho
et al., 2004). KYP-2047 was dissolved in 0.2 % dimethyl sulfoxide (DMSO) in
0.9 % saline solution for intra-ventricular osmotic mini-pump administration
(Study II). For cell culture work, 1 μM KYP-2047 working contention with 0.1%
DMSO was used (Study I and III) if not specified otherwise.

4.2 Viral vectors and plasmids

AAV driven by chicken -actin promoter (CBA) was acquired from the
Michael  J.  Fox  Foundation.  All  constructs  used  in  the  studies  carry  human
open reading frame. AAV2-CBA-aSyn (1.5x1013 vg/mL) and AAV2-CBA-eGFP
(enhanced green fluorescent protein; 8.1 x 1012 vg/ml)  viral  vectors  were
constructed, produced, and titered by Vector Core at the University of North
Carolina. AAV1-EF1 -PREP (AAV-PREP) viral vector and pAAV1-EF1 -PREP
(#59967, Addgene), pAAV1-EF1 -S554A-PREP (S554A-PREP; #59968;
Addgene), and AAV1-EF1a-V5-aSyn (#60057, Addgene) plasmids were
obtained from the National Institute of Drug Abuse (Dr. Brandon Harvey,
Intramural Research Program). Clustered Regularly Interspaced Short
Palindromic  Repeats  (CRISPR)  with  associated  protein  9  (CRISPR-cas9)
method was used for PREP deletion (Study I and III) with pSpCas9n(BB)-2A-
Puro (PX462) V2.0 plasmid, a gift from Feng Zhang (#62987, Addgene).
PX462 was digested with BbsI restriction enzyme (R0539S, NEB) and ligated
separately for Guide A (5’atggcacagtaatctt) and Guide B (5’cttgagcagtgtccca)
with Ligate-IT Ligation Kit (#K1422; ThermoFisher Scientific). Guides were
targeting 3rd exon of PREP.

For study III, pCMV3-PPP2Ac-C-FLAG (HG10420-CF), pCMV3-N-FLAG-
PPP2Ac (HG10420-NF), pCMV3-PTPA (protein phosphatase 2 phosphatase
activator; HG12287-UT), and pCMV3-N-FLAG-PTPA (HG12287-NF) were
purchased from Sino-Biological. pAAV-EF1a control vector 50 bp insert was
created by annealing complementary oligonucleotides. pAAV-EF1a-FLAG(C)-
PME1 (protein phosphatase methylesterase 1) and pAAV-EF1a-PME1-
FLAG(N)  inserts  were  amplified  from  pUC19-PPME1  (HG29687-U;  Sino-
Biological) with overhangs containing either N- or C-terminal FLAG sequence.
pAAV1-EF1 -hPREP backbone was digested with KpnI-HF (R3142; NEB) and
EcoRV-HF (R3195; NEB) and recombined with all of the aforementioned
inserts using an In-Fusion HD cloning kit (639645; Clontech).
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For  study  III,  cDNA  of  PREP,  S554A-PREP,  PP2A  catalytical  subunit
(PP2Ac), PME1, and PTPA for protein-fragment complementation assay
(PCA) were cloned in a pcDNA3.1/zeo backbone containing humanized G.
princeps PCA fragments [GLuc] (Nykanen et al., 2012). PREP-GLuc-2N and
S554A-PREP-GLuc-2N have been described previously (Savolainen et al.,
2015). GLuc-N2 PREP constructs and empty GLuc-1N plasmid (backbone)
was digested with EcoRI-HF (R3101; NEB) and KpnI-HF (NEB) restriction
enzymes and ligated with Ligate-IT Ligation Kit (ThermoFisher Scientific) to
create PREP-GLuc-1N and PREP(S554A)-GLuc-1N plasmids. PP2Ac
(HG10420-CF; Sino-Biological), PME1 (Sino-Biological), and PTPA
(HG12287-UT; Sino-Biological) cDNA was PCR amplified. Inserts were
recombined with EcoRI-HF (NEB) and KpnI-HF (NEB) digested GLuc-1N,
Gluc-2N, GLuc-1C, and GLuc-2C backbone using In-Fusion cloning kit
(Clontech). Additionally, pcDNA3.1-PP2Ac and pcDNA3.1-PME1 were created
by recombining PCR amplified fragments in GLuc-N1 backbone digested with
HindIII-HF (R3104; NEB) and EcoRI (NEB) as described above but in this
case,  the  GLuc  fragment  was  removed  from  the  construct.  Identity  of  all
constructs was confirmed by DNA sequencing. The pcDNA3-tau plasmid
(0N4R) has been described previously by Brunello et al. (2016) and was a gift
from Henri Huttunen’s lab.

4.3 Animals

For study II, male C57BL/6J mice (7–9 weeks old; Envigo) were used.  For
study I and III, PREPko mice (Deltagene Inc.) and wt littermates were back
crossed in C57BL/6JRccHsd genetic background (Envigo; 5–10 back
crossings;  7–9  weeks  old).  Animals  were  housed  under  standard  laboratory
conditions in individually ventilated cages (Mouse IVC Green Line,
Techniplast) with bedding and nesting material and aspen brick (aspen chips,
strips,  and  bricks;  Tapvei).  Mice  had  access  to  chow  food  (Teklad  2016,
Envigo) and filtered and irradiated water ad libitum. After surgical
procedures, animals were housed individually for the duration of the
experiment. The experiments were performed according to European
Communities Council Directive 86/609/EEC and were approved by the
Finnish National Animal Experiment Board (ESAVI-198-04.10.07; ESAVI-
441-04.10.07-2017). Outline of study I and II can be seen in Fig. 5.

4.4 Surgical procedures

Mice were anesthetized with isoflurane (4% induction, 1.5–2.0%
maintenance) and the recombinant AAV vectors were injected above mouse
SN in a stereotaxic operation. AAV expression pattern and impact on behavior
had been tested in study II  and Julku et  al.  (2018).   To target  the SN, viral
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vectors were given as single injection (volume 1 μL (Study I and II) or 2 μL co-
injection (Study I), rate 0.2 μL/min) into the left hemisphere, 3.1 mm anterior
and 1.2 mm lateral to bregma, and 4.2 mm below the dura (Paxinos and
Franklin, 1997). In study II, a cannula (Alzet Brain Infusion Kit 3, Durect)
attached to a minipump was implanted in the left hemisphere at 0.7 mm
anterior and 1.4 mm lateral to bregma, and was lowered 2.5 mm deep to lateral
ventricle according to Hof et al. (2000).

Figure. 5 Experimental outline for Study I and II. In study I, unilateral AAV microinjection of
aSyn or combination of aSyn and PREP was delivered to SNpc of wt and PREPko mice. Cylinder
test and locomotor activity was measured at baseline (week 0; wk 0) followed by stereotaxic
surgery. Animal behavior was measured at 2, 5, 8, 11, and 13 weeks. In study II, wt animals
received unilateral aSyn or GFP AAV microinjection. Motor behavior was measured prior to
surgeries (wk 0), at 2, 4, 6, and 8 weeks. After behavioral tests on week 4, cannula attached to the
minipump was implanted intracranially. Minipump contained PREP inhibitor, KYP-2047.

4.5 Tissue processing

Mice intended for immunohistochemistry (IHC) analysis were deeply
anesthetized with sodium pentobarbital (150 mg/kg) and transcardially
perfused with phosphate-buffered saline (PBS) and 4% paraformaldehyde
(PFA). Brains were post-fixed for 24 h in 4% PFA at 4°C and transferred to a
solution of 10% sucrose in PBS overnight at 4°C. On the next day, tissue was
transferred to 30% sucrose solution in PBS. Brains were frozen on dry ice and
were kept at -80 °C until sectioning. Frozen brain sections were sectioned as
30  μm  free-floating  sections  on  a  cryostat  (Leica  CM3050)  and  kept  in  a
cryoprotectant solution. Mice tissue intended for Western blot (WB) assays in
study III were transcardially perfused with ice-cold PBS. Thereafter, brains
were frozen in isopentene on dry ice and kept at -80°C until further analyses.
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4.6 Behavioral experiments

4.6.1 Cylinder test

(1) Cylinder  test  was  used  to  measure  motor  asymmetry  in
spontaneous forelimb preference after unilateral microinjections (Study I and
II). Baseline (BL) paw preference score was acquired before stereotaxic
surgery and every 2-3 weeks after the surgery. Shortly, mouse was filmed for
5 minutes. However, if number of individual rearing episodes that resulted in
mouse touching cylinder wall were less than 20, mouse was filmed for
additional time. Data was analyzed by the formula. 100; where ‘Both’ paws were defined as touches
where the animal landed both of the forepaws on the cylinder wall at the same
time after the rearing. No habituation of the animals to the testing cylinder
was allowed before video recording.

4.6.2 Horizontal and vertical locomotor activity
For study I, mice were released in the corner of an open eld arena for the

duration of 2 h (Med Associates) and activity was recorded at the same time of
the day for all of the animals. Total distance (locomotor activity) and vertical
activity were analyzed. Data was collected in 5 min intervals and activity was
recorded for 120 min (light intensity 150 lx). Data was analyzed with Activity
Monitor v 7.06 software.

4.7 Immunohistochemistry procedures

4.7.1 Immunohistochemistry
IHC was performed for detection of total aSyn (Study I and II), p-S129 aSyn

(Study II), oligomer-specific aSyn (Study I and II) and TH (Study I and II).
Briefly, the endogenous peroxidase activity was inactivated with 10%
methanol and 3% hydrogen peroxide (H2O2) solution in PBS (pH 7.4) for 10
min,  and  non-speci c  binding  was  blocked  with  10% normal  serum in  PBS
containing 0.5% Triton-X-100. The sections were incubated overnight at room
temperature with sheep anti-aSyn antibody (1:500, ab6162, Abcam), rabbit
anti-p-S129 aSyn primary antibody (1:250, ab59264, Abcam), mouse anti-
human aSyn oligomer-specific primary antibody (1:200, AS132718, Agrisera)
and rabbit anti-TH primary antibody (1:2000, AB152, Millipore). Thereafter,
sections were incubated with secondary antibodies for 2 h; donkey anti-sheep
for aSyn (1:500, ab6900, Abcam), goat anti-rabbit for p-S129 aSyn (1:500,
#31460, ThermoFisher Scienti c), goat anti-mouse for oligomer-specific aSyn
(1:300, #31430, ThermoFisher Scientific). Biotin conjugated goat anti-rabbit
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secondary antibody was used for TH (1:500, BA1000, Vector Laboratories)
and the signal was enhanced with the avidin–biotin complex-method
(Standard Vectastain ABC kit, Vector Laboratories). The antigen–antibody
complexes were identi ed following incubation with 0.05% 3,3 -
diaminobenzidine and 0.03% H2O2 solution.  Finally,  the  sections  were
transferred  to  glass  slides,  dehydrated  in  alcohol  series,  and  mounted  with
Depex (BDH).

4.7.2 Proteinase K treatment
Proteinase K (PK) protocol to remove soluble proteins from sections was

performed in Study I and II. Shortly, sections were mounted onto gelatin-
coated  slides  and  dried  overnight  at  55°C.  Sections  were  wetted  with  Tris-
buffered saline with 0.05% Tween-20 (TBS-T) and digested with 10 g/ml PK
(#V3021, Promega) in TBS-T for 10 min at 55°C. Thereafter, the sections were
post-fixed with 4% PFA for 10 min and processed for aSyn oligomer-specific
immunostaining with the primary and secondary antibody concentrations as
in 4.7.1 IHC section.

4.7.3 Microscopy and stereology
Optical  density  (OD)  analyses  for  TH  and  aSyn  (Study  I  and  II)  from

striatum and SN were imaged with 3DHISTECH slide scanner (3DHISTECH
Ltd.) and three coronal sections from each mouse were processed for further
analyses with Pannoramic Viewer (Version 1.15.3, 3DHISTECH Ltd.). Images
were converted to grayscale and inverted, line analyses tools for striatum or
freehand  for  SN  in  ImageJ  (1.48b;  NIH)  were  used  to  measure  the  OD  of
immunoreactivity. To correct the effect of TH background staining, correction
values were obtained from the corpus callosum of each section and subtracted
from the OD values of the striatum. p-S129 aSyn immunohistochemical
sections were imaged and average particle area and numbers per section were
quantified using Image-Pro Plus software (Media Cybernetics, Inc.), four
representative SN sections per brain were used. High magnification images
were acquired with Qimaging 2000R camera (Qimaging) attached to an
Olympus BX51 microscope with Olympus Microscope Objective Lens
UPlanApo 20x/0.5 and100x/1.35 oil iris and processed with Adobe Photoshop
CS6 (Version 13.0 x64).

The number of TH+ cells in SNpc or aSyn oligomer-specific particles from
SN were estimated using the optical fractionator method (Study I and II). The
TH+ and aSyn oligomer particles were analyzed with a Stereo Investigator
platform (MicroBright-Field) attached to an Olympus BX51 microscope
(Olympus Optical). From each animal, three representative sections for TH+
cells or four sections for aSyn oligomers were selected for quantitative
analysis. Each reference space was outlined at low magnification (4x), and
cells were counted using a high magnification (60x, UPlanApo 60x/1.4 oil
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immersion)  objective.  Grid  size  was  100  x  80  μm  and  120  x  120  μm
respectively, the counting frames were 60 x 60 μm. Injected and non-injected
SNpc were counted for TH and injected side for aSyn particle numbers as no
aSyn  staining  was  detected  in  the  control  side.  The  coefficient  of  error  was
between 0.05 and 0.10 (Schmitz and Hof, 2005). Results were expressed as
the  mean  cell  number  per  section  and  all  stereological  estimations  were
blinded.

4.8 Cell experiments and in vitro assays

4.8.1 Cell Cultures
HEK-293 (Study I and III) and SH-SY5Y human neuroblastoma cells

(Study III) and their respective PREPko cell lines generated in these
backgrounds were used in experiments. HEK-293 and SH-SY5Y PREPko cells
were generated using PX462 plasmids (See 4.2 Viral vectors and plasmids).
HEK-293  cells  and  HEK-293  PREPko  cells  were  cultured  in  full  Eagle’s
medium (DMEM; #D6429, Sigma) with an additional 10% (v/v) fetal bovine
serum (FBS; #16000-044, ThermoFisher Scientific), 1% (v/v) L-glutamine-
penicillin-streptomycin solution (15140122; ThermoFisher Scientific). HEK-
293 PREPko cells were cultured in 20% (v/v) FBS (ThermoFisher Scientific).
SH-SY5Y  and  SH-SY5Y  PREPko  cell  lines  were  cultured  with  Dulbecco’s
modified eagle medium (DMEM-Glutamax; #31966021; ThermoFisher
Scientific) containing 15% FBS (ThermoFisher Scientific) for wt and 30% FBS
for SH-SY5Y PREPko cells, 1% non-essential amino acids (NEAA; #11140050;
ThermoFisher Scientific) and 50 μg/ml Gentamycin (15750-045;
ThermoFisher Scientific). Human breast adenocarcinoma (MCF-7) cells were
cultured  in  MEBM  medium  (mammary  epithelial  cell  growth  medium;  Kit
Catalog #CC-3150, Lonza) supplemented with BPE, hEGF, insulin,
hydrocortisone, and GA-1000 from the kit. Additionally, cholera toxin (1
ng/ml, Sigma) was added to the complete medium while 0.005 mg/ml
transferrin (Sigma) was supplemented prior to use. Cells were kept at 37 °C
and 5% CO2, water-saturated air.

4.8.2 Cell sample preparation and induction of aSyn aggregation
Transfections of plasmid DNA was done with Lipofectamine 3000

(L3000015; ThermoFisher Scientific) according to the manufacturer’s
instructions. If not specified otherwise, cells were lysed in ice cold modified
RIPA buffer (50 mM Tris HCl pH 7.4, 1% NP-40, 0.25% sodium deoxycholate,
150 mM NaCl) supplemented with Halt Phosphatase (#87786, ThermoFisher
Scientific) and Protease Inhibitor cocktail (#78430, ThermoFisher Scientific).
Protein concentration was measured by bicinchoninic acid method (BCA;
Pierce BCA Protein Assay Kit, #23225, ThermoFisher Scientific).
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For aSyn aggregation (Study I), cells were transfected with aSyn, GFP, aSyn
+  GFP  or  aSyn  +  PREP.  In  oxidative  stress  groups  24  hours  after  plasmid
transfection, the aggregation process of aSyn was induced by adding 100 mM
H2O2 and 10 mM FeCl2 in cell culturing medium, adapted from Myohanen et
al. (2012). Non-stressed cells after transfection were grown for 72 hours.
Thereafter, cells were fractioned in TBS for soluble aSyn, in Triton X-100 for
membrane-bound aSyn, and in SDS buffer for SDS-soluble and insoluble aSyn
(Fagerqvist et al., 2013). The protein amounts from Triton X-100 and SDS-
fractions were correlated to total protein amounts (Ponceau S Staining).

4.8.3 Gel electrophoresis and protein immunoblots
Detailed  description  of  the  sample  preparation  protocols  for  WB  can  be

found in original publications (Study I and III). Shortly, prior to WB, protein
concentration was measured by BCA method. Standard SDS-PAGE techniques
were used and ~30 μg sample was loaded to 12% (#4561044; Bio-Rad) or 4-
20% Mini-Protean TGX gels (#4561094; Bio-Rad). Gels were transferred by
Trans-Blot Turbo Transfer System (#1704150; Bio-Rad) onto Trans-Blot
Turbo Midi PVDF (#1704157; Bio-Rad) or nitrocellulose (#1704159; Bio-Rad)
membranes. Membranes were incubated at 4 °C overnight in 5% skim milk or
5% BSA in Tris-buffered saline with 0.05% Tween-20 (TBS-T). List of primary
antibodies and respective concentrations can be found in Table 1. After
overnight incubation, the membranes were washed and incubated with
appropriate HRP-conjugated secondary antibodies for 2 h in room
temperature, goat anti-mouse HRP (#31430; ThermoFisher Scientific); goat-
anti rabbit (#31463; ThermoFisher Scientific). The membranes containing co-
immunoprecipitation (coIP) samples were incubated with Clean-Blot IP
Detection Reagent (#21230, ThermoFisher Scientific) in 5% skim milk. The
images were captured using the C-Digit imaging system (Licor) [Study I and
III] or ChemiDoc XRS+ (Bio-Rad) [Study III]. ImageJ was used for analyzing
bands, and the OD values were calculated by comparing the OD value to the
corresponding -actin OD values.

4.8.4 Co-immunoprecipitation (coIP)
For study III, cells were lysed in washing buffer (20 mM Tris, pH 7.5, 150

mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100 and 2.5 mM sodium
pyrophosphate) supplemented with protease inhibitor cocktail. Samples were
sonicated 3x1sec and centrifuged at 16,000 g for 15 min. 10 μL of agarose with
anti-FLAG M2 antibody (#2220; Sigma) was used per immunoprecipitation
reaction. PREP inhibitor or DMSO was added directly to the samples and
samples were incubated for 2 h in washing buffer at 4 °C with gentle agitation.
FLAG fusion proteins were eluted from the agarose beads with FLAG peptide
(300 μg/mL; #F3290; Sigma) in Tris-buffered saline for 30 min. SDS-buffer
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was added and lysate was boiled for 3 min at 95 °C, thereafter samples were
processed for WB.

Table 1 Full list of antibodies used for WB and immunocytochemistry (ICC)

Antigen Species Manufacturer Product # Dilution

B55alpha(2G9), PPP2R2A Mouse AbCam ab213945 1:2000

B55alpha, PPP2R2A Rabbit AbCam ab197194 1:2000

Bcl-2 Rabbit Abcam ab59348 1:500

Bcl-2 phoshpo S70 Rabbit Cell Signalling 2827S 1:500

Bcl-xL Rabbit AbCam ab32370 1:1000

Bcl-xL phospho S62 Rabbit AbCam ab180849 1:1000

Beclin phospho-T119 Rabbit Millipore ABC118 1:500

Beclin1 Rabbit AbCam ab62557 1:2000

DAPK Rabbit Sigma D1319 1:1000

DAPK phospho-S308 Mouse Sigma D4941 1:1000

FLAG Rabbit Sigma F7425 1:2000

GAPDH Mouse Millipore MAB374 1:2000

JNK1+JNK2 Rabbit AbCam ab85139 1:1000

JNK1+JNK2+JNK3

phospho- 85+Y185+Y223)

Rabbit AbCam ab76572 1:1000

LC3B Rabbit Sigma L7543 1:1000

Oxidative stress defense

cocktail

Rabbit AbCam ab179843 1:250

PME1 Rabbit AbCam ab86409 1:500 WB/

1:200 (ICC)

PP2A phospho-T307 Rabbit ThermoFisher PA5-36874 1:500

PP2AC( ); Clone Y119 Rabbit AbCam ab32141 1:2000 WB/

1:400 (ICC)

PREP Rabbit AbCam ab58988 1:1000

PTPA Mouse AbCam ab129244 1:1000 WB/
1:400 (ICC)

SQSTM1/p62 Mouse Abcam ab56416 1:5000

Syn Sheep Abcam ab6162 1:1000

Syn phospho-S129 Rabbit Abcam ab51253 1:500

-actin Rabbit Abcam ab8227 1:2000

Tau-5 Mouse Abcam ab80579 1:4000

Tau S262 Rabbit Abcam ab64193 1:1000

4.8.5 Immunocytochemistry (ICC)
ICC to detect changes in co-localization between PP2Ac and PME1, and

PP2Ac  and  PTPA  after  PREP  inhibition  or  deletion  was  performed  as
described in (Myohanen et al., 2012). Briefly, wt or PREPko HEK-293 cells
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were plated over glass coverslips in a 12-well plate and allowed to attach
overnight. Thereafter, HEK-293 cells were treated for 4 h with KYP-2047 and
fixed  with  4%  PFA.  Unspecific  binding  was  blocked  with  10%  normal  goat
serum (S-1000, Vector Laboratories) for 30 min and thereafter cells were
incubated with primary antibodies against PP2Ac, PME1, and PTPA (see Table
1 for details) overnight at 4 °C. The following secondary antibodies were used
to incubate cells 1 h in room temperature: for mouse PP2Ac, anti-mouse
AlexaFluor488 (dilution 1:400; ab150113, Abcam); for rabbit PP2Ac, anti-
rabbit AlexaFluor 488 (dilution 1:400; ab150077, Abcam); for mouse PTPA,
anti-mouse AlexaFluor 568 (dilution 1:400; ab175473, Abcam); for rabbit
PME-1, anti-rabbit AlexaFluor 568 (dilution 1:400; ab175471, Abcam). Cells
were mounted with Vectashield containing DAPI (H-1200, Vector
Laboratories). Imaging was performed using Leica TCS SP5 confocal
microscope (Leica).

4.8.6 Cell viability and reactive oxygen species measurements
For cell viability (Study I), cells were transfected with aSyn, GFP, and

aSyn + PREP and incubated for 24 h. After cell exposure to oxidative stress,
cell viability was measured using mitochondrial oxidoreductase activity assay
3 (4,5 dimethylthiazol 2 yl) 2,5 diphenyl tetrazolium bromide (MTT). 100 μL
of MTT solution (5 μg/μL) was added to the cells and incubated in cell culture
conditions for 2 h. Cell culture media was replaced with 200 L DMSO. The
absorbance was measured at 550 nm with absorbance at 650 nm subtracted
as background. Reactive oxygen species (ROS) were measured using 2’,7’-
dichlorofluorescin diacetate (DCFDA) Cellular ROS Detection Assay Kit
(ab113851, Abcam) after induction of oxidative stress (Study I). DCFDA
treatment was performed according to the manufacturer’s instructions.
Fluorescence signal for excitation (495 nm) and emission (529 nm) was read
with the Wallac 1420 Victor fluorescence plate reader (PerkinElmer). Signal
was adjusted to the total protein amount.

4.8.7 aSyn ELISA from cell culture supernatant
aSyn levels in cell culture medium of wt and PREPko HEK-293 cells were

measured after cell transfection either with aSyn or aSyn + PREP plasmids and
induction of aSyn aggregation (Study I). Human aSyn ELISA Kit (ab210973,
Abcam) was used according to the manufacturer’s instruction. Fluorescence
was  red  at  450 nm with the Wallac 1420 Victor fluorescence plate reader
(PerkinElmer). aSyn amount in medium was adjusted to the total protein
levels.
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4.8.8 Proteasomal activity
Proteasomal 20S activity assay is based on proteolysis of 7-amino-4-

methylcoumarin (AMC) conjugated peptide. For chymotrypsin-like 20S
proteasomal activity (Study I) measurements were conducted as previously
described by Ebrahimi-Fakhari et al. (2011). In brief, cells were lysed in 20S
activity buffer and incubated for 1 h at 37 °C with Suc-Leu-Leu-Val-Tyr-AMC
substrate (#I-1395, Bachem). The fluorescence excitation (360 nm) and
emission wavelengths (460 nm) were read with the Wallac 1420 Victor
fluorescence  plate  reader  (PerkinElmer).  The  velocity  of  the  reaction  was
calculated as nM AMC per minute per μg of protein.

4.8.9 Protein-fragment complementation assay (PCA)
The PCA was performed as previously described by (Nykanen et al., 2012).

Wt and PREPko HEK-293 cells were plated on Poly-L-lysine coated white
walled 96-well plates (25,000 cells/well; #6005070, PerkinElmer) and after
24 h they were transfected with PCA reporter constructs (100 ng of plasmid
DNA/well). 48 h after transfection, the cells were washed with PBS and phenol
red free DMEM (#21063-029, ThermoFisher Scientific) was added to the cells
(without  serum  and  antibiotics).  The  cells  were  allowed  to  settle  for  1  h.  If
inhibitors were tested, they were added to the cells in phenol red free DMEM
and the cells were treated for 4 h prior to measurement. A GLuc-PCA signal
was detected by injecting 25 μl of native coelenterazine (Nanolight
Technology) to the cells (final concentration 20 μM) and measuring the
luminescence signal with Varioskan Flash multiplate reader (ThermoFisher
Scientific).

4.8.10 Thymidine incorporation assay
Wt  and  PREPko  HEK-293  cells  and  MCF7  cells  were  plated  on  24-well

plates  (100,000  cells/well)  and  the  following  day  they  were  exposed  to  the
KYP-2047 for 24 h. For the last 6 h of treatment [methyl-3H] thymidine
(PerkinElmer)  was  added  in  the  incubation  medium  at  1  μCi/ml.  After
incubation, the cells were washed with ice-cold PBS and free unbound
thymidine was precipitated with 5 % trichloroacetic acid and discarded.
Finally, the cells were lysed with 0.1 M NaOH. Supermix scintillation cocktail
(Perkin Elmer) was added and the counts were measured (5 min per well) with
1450 Microbeta TriLux scintillation counter (PerkinElmer).

4.8.11 Tau aggregation
Briefly, HEK-293 cells were transfected with tau 0N4R plasmid. The next

day the cells were treated with okadaic acid (OA, 10 nM), and okadaic acid in
combination with KYP-2047 (10 μM) in cell culture medium for 48 h. Cells
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were lysed with extraction buffer (10 mM Tris-HCl, 1mM EDTA, 150 mM NaCl,
1% Triton X-100, 0.25% Nonidet P-40, pH = 6.8) supplemented with protease
and  phosphatase  inhibitors.  Lysates  were  incubated  on  ice  for  20  min  and
centrifuged (20,000 g, 1 h, 4 C). The supernatant (soluble fraction) was
collected while the pellet (insoluble fraction) was dissolved with SDS-buffer
and  sonicated  (4  x  3s).  Levels  of  tau  were  studied  using  WB.  The  insoluble
fractions were separated on Mini-Protean TGX Stain-free gels (#4568094,
Bio-rad) and the level of protein on each sample was determined by detecting
the proteins on the gel and on the membrane with the stain-free protocol of
Chemidoc XRS (Bio-rad).

4.9 Data analyses

Statistical analyses were performed with SPSS 22/24 (Study I and II) for
repeated measures behavioral analyses and two-way interactions. GraphPad
PRISM (studies I, II, and III) software was used for student’s t-test, one-way
analysis of variance (ANOVA) with Tukey’s post hoc test, two-way ANOVA or
repeated measures ANOVA with Tukey’s post hoc test. In all cases, values of p
< 0.05 were considered to be significant. Data is presented as mean ± SEM.
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5 RESULTS

5.1 PREP inhibition and deletion influences aSyn
caused motor behavior in viral aSyn overexpression
mouse model (I and II)

PREP’s role on aSyn aggregation and ensuing motor behavior was
investigated in Study I and II. In Study I, PREPko animals or wt littermates
received microinjection of either aSyn viral vector or combination of aSyn and
PREP viral vectors to see aSyn aggregation and spreading in the nigrostriatal
tract in the absence of PREP protein. In Study II, aSyn was overexpressed in
wt mouse nigral tissue and motor behavior was analyzed before and after
chronic 1-month long inhibition of PREP catalytical activity by a small-
molecule inhibitor, KYP-2047.

Findings  of  the  experiments  are  summarized  in  Fig.  6.  In  study  I,
statistically significant interaction between PREPko animal groups on total
traveled distance was seen (Fig. 6A; F(5,75) = 4.174,  p = 0.002, two-way
ANOVA),  while wt animal groups did not differ.  Already at  the 5-week time
point, PREPko animals injected with aSyn + PREP had a significant reduction
in total traveled distance and this effect extended until the termination of
experiments at the 13-week time point (p = 0.014) when compared to aSyn-
only injected PREPko mice. Similarly to locomotor activity, statistically
significant interaction on vertical activity was observed only between PREPko
animal groups (Fig. 6B; F(5,75) = 2.539, p = 0.036, two-way ANOVA). From 5-
week time point (Fig. 6B; p = 0.02) to the termination of the experiment
(p = 0.041) aSyn + PREP injected PREPko animals exhibited reduced vertical
locomotion. PREPko animals exhibited higher BL horizontal locomotor
activity compared to wt littermates (Fig. 6A; t(31) = 1.091, p = 0.000031,
student’s t-test).

Cylinder test in study I and II, measured unilateral misbalance caused by
aSyn viral vector injections. In study I, significant change of paw preference in
wt animals but not in PREPko mice (Fig. 6C; F(5,150) = 5.453, p = 0.001, two-
way ANOVA) was seen over the course of the experiment starting at the 2-week
time point (p < 0.0005) and for the duration of the study (Fig. 6C; p = 0.007,
13-week time point). Similar effect in paw misbalance after aSyn viral vector
injection was seen in Study II, aSyn-injected animals exhibited motor
misbalance when compared to GFP-injected littermates (Fig. 6D; F(1,31) =
16,873,  p  =  0.000271,  two-way  ANOVA).  After  KYP-2047  treatment  was
initiated, behavioral scores of aSyn-injected, KYP-2047 treated animals
improved  to  those  observed  in  GFP-injected  animals  (Fig.  6D;  p  =  0.025).
aSyn-injected, vehicle (DMSO) treated mice motor behavior did not improve
and at the 6-week time point aSyn-DMSO and aSyn-KYP-2047 group had a
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significant difference (p = 0.006) in their paw use, and the KYP-2047 effect
extended to 8-week time point for the remaining animals (p = 0.048).

Figure. 6 Unilaterally injected AAV-aSyn virus vector impact on wt and PREPko mouse
behavior. (A) Total traveled distance was significantly different between PREPko animal groups
starting at the 5-week time point until the end of the experiments. BL locomotor activity was higher
in PREPko animal groups compared to wt (n = 7–10). (B) Vertical activity was statistically different
between PREPko animal groups starting from the 5-week time point (n = 7–10). (C) In cylinder test,
increased ipsilateral paw use after unilateral aSyn viral vector injection was seen in wt animal
groups (n = 15–17). Bars represent mean ± SEM. *p < 0.05, **p < 0.01, PREPko aSyn vs. PREPko
aSyn + PREP; ####p < 0.0005, wt vs. PREPko; ^p < 0.05, ̂ ^p < 0.01, ^^^p < 0.001, ̂ ^^^p < 0.0005,
wt animal BL vs. post-injection measurements. Two-way ANOVA; student’s t-test for BL locomotor
activity. (D) aSyn viral vector injection increased ipsilateral paw use. KYP-2047 treatment (aSyn-
KYP) rescued motor misbalance (week-6 and week-8). Error bars represent means ± SEM. *p <
0.05, aSyn-DMSO versus GFP-DMSO; ^^p < 0.01, aSyn-KYP versus GFP-KYP; ##p < 0.01, aSyn-
DMSO versus aSyn-KYP; $$p < 0.01, aSyn-DMSO versus aSyn-KYP, GFP-DMSO, and GFP-KYP;
two-way ANOVA.
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Figure. 7 Total aSyn immunoreactivity in striatum and SN after GFP and aSyn viral vector
microinjections. (A) aSyn immunoreactivity was increased 8 weeks after unilateral aSyn but not
GFP viral vector microinjections. (B–C) Significant increase in total aSyn OD was observed in
striatum and SNpc in aSyn viral vector injected groups. KYP-2047 treatment (aSyn-KYP) did not
have an effect on total aSyn amounts compared to vehicle (aSyn-DMSO) treatment (A–C). n = 7–
9 in each group. Error bars represent means ± SEM. ***p < 0.001, ****p < 0.0001 (one-way
ANOVA).

5.2 Effect of PREP deletion and inhibition on aSyn and
TH distribution in wt and PREPko animals (I and II)

Total aSyn optical density distribution pattern among aSyn-injected
animals was similar in studies I and II. Significant changes were seen only
between aSyn and GFP-injected animal groups in Study II (Fig. 7A-C; in
striatum, p < 0.0001; SN, p < 0.0001, one-way ANOVA). Therefore, total aSyn
oligomer-specific staining was quantified by stereological investigation. In
study I, differences between PREPko animals and wt groups in total oligomer
aSyn counts was not observed (Fig. 8A-B). However, when PK treatment was
performed prior to aSyn oligomer-specific staining, differences were observed
between  animal  phenotype  and  viral  vector  injections  (Fig.  8C,  A;  F(1,

16) = 6.413, p = 0.022, two-way ANOVA). Interestingly, in study I, aSyn + PREP
injected PREPko mice had less PK-resistant aSyn oligomers than aSyn injected
PREPko animals (Fig. 8C) with visually lighter and more diffuse PK-resistant
aSyn oligomer pattern (Fig. 8A). The ratio between the number of PK-resistant
aSyn and total aSyn oligomer particles was matched for individual animals
(Fig. 8D) and interaction was observed between viral vectors and animal
phenotype (F(1,16) = 5.847, p = 0.028, two-way ANOVA). PK-resistant and total
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aSyn oligomer ratio in the PREPko animal group with aSyn + PREP injection
was decreased while the opposite effect was seen between wt animal groups.
Moreover,  the  PREPko  animal  group  with  aSyn + PREP injections had the
smallest area of the p-S129 aSyn staining (Fig. 8E) and it was visually more
diffuse (Fig. 8A).
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Figure. 8 aSyn oligomer-specific particles in SN. (A) Representative images of aSyn and
PK-resistant oligomers and p-S129 aSyn staining in SN brain sections. More diffuse staining in
total aSyn, PK-resistant aSyn oligomers and p-S129 aSyn is seen in aSyn + PREP injected
PREPko animals. Scale bar 5 m. (B) Oligomer-specific particle stereological counts were not
different between the animal groups (n = 7–8). (C) A statistically decreased number of PK-resistant
oligomers was seen in the PREPko aSyn + PREP animal group (n = 4–6). (D) Ratio between PK-
resistant oligomers and total aSyn oligomer count was reduced in aSyn + PREP injected PREPko
animal group (n = 4–6). (E) p-S129 aSyn stained area showed a significant interaction between
groups [n = 5] (two-way ANOVA). (F) aSyn oligomer numbers were decreased in aSyn-injected,
KYP-2047 treated (aSyn-KYP) group compared to vehicle treatment (aSyn-DMSO). (G) aSyn PK-
resistant particle count did not show significant differences between aSyn-injected groups. (H)
Strong immunostaining of aSyn oligomers was seen in the aSyn-DMSO group while aSyn-KYP-
2047 group showed reduced aSyn oligomer-staining in PK soluble and resistant samples (n = 9).
Bars represent means ± SEM. ****p < 0.0001 (student's t-test). Scale bars: 100 m; insets, 15 m.

Our research group had previously reported changes in the aSyn amount
after KYP-2047 treatment (Myohanen et al., 2012; Dokleja et al., 2014;
Savolainen et al., 2014). Similarly in study II, KYP-2047 treatment caused a
significant decrease in the total aSyn oligomer-specific particles (Fig. 8F, H; p
< 0.0001). Corresponding KYP-2047 treated sections showed less bright
inclusions and staining of aSyn oligomer immunoreactivity (Fig. 8H). PK-
resistant aSyn oligomer-specific particle counts between the KYP-2047-
treated group and the vehicle-treated group was not statistically significant
(Fig. 8G; p = 0.0736). Nevertheless, the PK-resistant aSyn oligomer-specific
particle counts in SN was approximately one-tenth of all detected oligomer
particles in both vehicle and KYP-2047-treated aSyn injected mouse groups
(Fig. 8F-G).

In studies I and II, TH OD in SN and striatum as well, as dopaminergic
neuron loss in SNpc was quantified. In study I, effect on TH+ cell loss was not
seen between viral vector injection and phenotype but due to the significant
main effect for viral vectors additional analyses were performed to compare
aSyn and aSyn + PREP injected groups. aSyn + PREP injected animals had
more pronounced TH+ cell loss (Fig. 9A, D; p = 0.0097). TH OD analyses did
not show a clear loss of TH+ fibers in either the striatum or the SNpc (Fig. 9A-
C). PREP inhibitor treatment in study II did not alter TH+ cell count between
the groups (Fig. 9G; p = 0.0593). Nevertheless, mild TH+ cell loss was seen in
the vehicle-treated aSyn group. TH immunoreactivity in striatum between
vehicle-treated groups (Fig. 9E) and between vehicle-treated aSyn group and
both GFP groups in SNpc (Fig. 9F) was seen.
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Figure. 9 Mild changes in TH+ cell counts and TH+ OD after aSyn injection. (A)
Representative brain sections of TH staining from striatal and nigral brain areas (study I). (B-C) TH
OD analyses did not show changes in striatum and SN (study I). (D) Significant TH+ cell decrease
was observed between aSyn and aSyn + PREP injected animal groups (study I). (E-F) aSyn-
DMSO had significantly reduced TH+ staining in striatum (vs. GFP-DMSO) and in SNpc (vs. GFP
groups). Significance was not observed in the aSyn-KYP-2047 case (study II). (G)  TH+  cell
stereology did not show a statistical significance between groups (p = 0.0593; study II). (H)
Representative images of TH+ staining in striatum and SN 8 weeks after GFP and aSyn viral vector
injections (study II). Bars represent means ± SEM, *p < 0.05; **p < 0.01; one-way ANOVA.

5.3 aSyn distribution from wt and PREPko HEK-293
cells in soluble, membrane bound, and insoluble
fractions

In study I, the aSyn aggregation pattern in wt and PREPko HEK-293 cells
after oxidative stress treatment was studied by WB. aSyn was separated
between soluble (TBS), membrane bound (TrX), and insoluble aSyn (SDS)
fractions (Fig. 10A-F).  Additionally, autophagy marker levels were measured
after aSyn plasmid transfection and oxidative stress (Fig. 10G-I). WB images
can be found in the respective publication and supplementary material (Study
I).  In  PREPko  cells,  a  moderate  difference  was  seen  in  TBS-soluble  p-S129
aSyn between aSyn and aSyn + PREP transfected groups (Fig. 10A).
Membrane bound p-S129 aSyn level after aSyn + PREP transfection both in wt
(Fig. 10B) and PREPko cells (Fig. 10B) were significantly decreased.
Additionally, a significant increase in p-S129 aSyn levels was observed after
oxidative  stress  only  in  PREPko  cells  (Fig.  10B).  SDS-soluble  p-S129  aSyn
levels were significantly decreased by stress in wt (Fig. 10C) and PREPko cells
(Fig. 10C).

In the TBS fraction, oxidative stress decreased aSyn level in wt cells (Fig.
10D) while TrX-soluble aSyn fraction was lowered in aSyn + PREP group for
both phenotypes (Fig. 10E). aSyn in SDS-fractions was decreased after
oxidative stress (Fig. 10F), additionally, aSyn + PREP transfection reduced
SDS-soluble aSyn levels even further (Fig. 10F) in wt cells. A similar effect was
seen in PREPko cells (Fig. 10F).

The baseline p62 levels, a protein accumulation marker, in PREPko cells
were  approximately  50%  lower  than  in  wt  cells  (Fig.  10H).  p62  was
significantly elevated by stress and transfections (Fig. 10H) in PREPko cells.
Autophagy regulators, such as beclin1 levels, did not show changes (Fig. 10G)
and autophagosome marker, LC3BII levels, were mildly affected by aSyn and
aSyn + PREP transfections in wt cells (Fig. 10I).
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Figure. 10 PREP’s role in the aSyn distribution between soluble (TBS), membrane bound
(TrX),  and  insoluble  (SDS)  fractions  and  changes  in  autophagy  markers. Cells were
transfected with aSyn or aSyn + PREP and treated with oxidative stress for 48 hrs. (A) p-S129
aSyn was reduced in PREPko cells after aSyn + PREP transection. (B) Combination of
aSyn + PREP considerably reduced TrX soluble p-S129 aSyn level. (C) Oxidative stress reduced
the levels of SDS-soluble p-S129 aSyn in both cell lines. (D) Oxidative stress reduced aSyn levels
in HEK-293 cells. (E) aSyn + PREP transfections reduced aSyn levels compared to aSyn
transfected groups. (F) A significant reduction of aSyn was seen after oxidative stress in both cell
lines. aSyn + PREP transfection lowered the SDS-aSyn levels. (G) No effect was observed in
beclin1 levels between cell lines or treatments. (H) Stress and plasmid transfection had a significant
effect on the PREPko cell p62 levels. (I) Slight decrease of LC3BII levels was seen after
transfections in HEK-293 cells. Bars represent mean ± SEM, two-way ANOVA.

5.4 Cellular response to oxidative stress is altered in
PREPko cells

A set of oxidative and cellular toxicity tests were performed to characterize
PREPko cell response in the presence of protein overload and oxidative stress
(Study I). First, MTT assay was performed after cell transfection (aSyn or aSyn
+ PREP) and oxidative stress induction. Oxidative stress caused cytotoxicity
in HEK-293 (Fig. 11C; F(1,23) = 183.9, p < 0.0005) and PREPko oxidative stress
groups  (Fig.  11D;  F(1,23) = 28.10, p < 0.0005, two-way ANOVA), however,
overall cell death in PREPko cells exposed to stress was lower than in wt cells.
All transfections had an effect on wt cell viability (Fig. 11C; F(1,23) = 28.10,
p < 0.0005, Univariate analyses), aSyn + PREP group compared  to  all  other
groups (p = 0.025  vs.  aSyn,  p = 0.007  vs.  GFP  and  p < 0.0005 vs control
group) as well as between control group and aSyn group (p = 0.035). The
plasmid transfection effect in PREPko cells was only observed between
negative control and aSyn + PREP groups (p = 0.02) (Fig. 11D; F(3,23) = 4.271,
p = 0.015, two-way ANOVA).
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Figure. 11 PREPko cells show reduced cell death and response to stress. (A) Superoxide
dismutase 1 (SOD1) protein levels were upregulated in the HEK-293 oxidative stress groups
compared to the non-stressed groups. (B) No differences in SOD1 protein levels were detected
between PREPko groups. (A-B) Representative images of WB bands for SOD1 and thioredoxin
(Trx) in HEK-293 and PREPko cells in the presence and absence of oxidative stress. (C) MTT
assay showed significant stress dependent effect in all HEK-293 oxidative stress (OS) groups. The
aSyn + PREP transfected groups showed the highest cytotoxicity while the aSyn transfected cell
group had significantly reduced cell numbers only compared to control group. (D) OS effect in
PREPko cells was less pronounced. aSyn + PREP transfected group had increased cytotoxicity
compared to control group. (E) ROS were statistically increased in the HEK-293 cells after oxidative
stress treatment. (F) Oxidative stress did not upregulate ROS in PREPko cells. Two-way ANOVA.
Bars represent mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0005.

ROS  were  measured  in  wt  and  PREPko  cells  using  DCFDA.  The
fluorescence signal was significantly increased between wt cell oxidative stress
conditions (Fig. 11E; p < 0.0005) as well as compared to PREPko cell oxidative
stress groups (Fig. 11F; p < 0.0005). However, differences in ROS production
was not observed between PREPko cell groups (Fig. 11F). Similarly, WB was
used to measure oxidative stress markers, superoxide dismutase 1 (SOD1) and
thioredoxin, in HEK-293 wt and PREPko cells. SOD1 protein levels were
increased in the wt cell oxidative stress groups compared to the non-stressed
wt  cells  (Fig.  11A;  p < 0.0005) and PREPko cell oxidative stress group (Fig.
11A-B; p < 0.0005). We did not observe increased levels of SOD1 or
thioredoxin in PREPko cells in the presence of oxidative stress (Fig. 11B).

5.5 PREP deletion causes changes in cellular protein
degradation pathways and aSyn recycling

PREP inhibition has been previously shown to induce autophagic flux and
increases aSyn clearance both in vitro and in vivo (Savolainen et al., 2014). In
study I, autophagic and proteasomal activity effects on aSyn degradation were
measured. In wt cells, oxidative stress and plasmid transfections reduced
proteasomal activity (Fig. 12A; F(4,36) = 16.58, p < 0.0001, two-way ANOVA),
with the non-stressed control group having significantly higher proteasomal
activity. The oxidative stress conditioned aSyn + PREP  group  had  the  most
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decreased  S20  proteasomal  activity  in  wt  cells  (Fig.  12A),  where  it  was
significantly  lower  compared  to  the  rest  of  the  oxidative  stress  groups  (vs.
control group (p = 0.0029), GFP group (p = 0.008), and aSyn group
[p = 0.013]).

Figure. 12 PREPko cells show altered proteasomal and autophagic activity, and aSyn
distribution in response to oxidative stress and aSyn overexpression. (A) HEK-293 cells
transfected with aSyn + PREP showed the largest decrease in the proteasomal activity, however,
in non-stressed conditions, aSyn and aSyn + PREP groups were not statistically different. (B)
PREPko cells were less responsive to transfections. There were no differences between GFP,
aSyn, and aSyn + PREP transfected cells. (C) Basal S20-proteasome activity was decreased in
PREPko cells while no differences were observed between cell types in the presence of oxidative
stress (two-way ANOVA). (D) PREPko cells showed increased LC3BII accumulation after
bafilomycin A1 (Baf) treatment. 4 h incubation with Baf (10 nM) showed increased autophagosome
accumulation as assessed by LB3BII in wt and PREPko cells, but in PREPko cells there was
significantly elevated LC3BII levels after Baf (50 nM) treatment. a,*,^p < 0.05, **,^^p < 0.01,
***,^^^,aaap < 0.001, ****,^^^^p < 0.0005 (one-way ANOVA). (E) PREPko cells in stress condition had
increased levels of extracellular aSyn in the aSyn transfected group compared to non-stressed
PREPko cells or stressed wt cells with aSyn transfection. Restoring PREP to PREPko cells with
aSyn reduced extracellular aSyn to control levels. Bars represent mean ± SEM, *p < 0.025,
****p < 0.0005, three-way ANOVA.

PREPko cells have decreased proteasomal activity compared to the wt cells
at  the  BL  level  (p < 0.0005) while differences between cell types were not
observed  in  the  presence  of  oxidative  stress  (Fig.  12C;  F(1,28) = 12.842,
p < 0.001, two-way ANOVA). Similar to wt cells, PREPko cell 20S-proteasomal
activity changed significantly between stress and plasmid transfection
conditions (Fig. 12B; F(4,36) = 5.480, p = 0.0015, two-way ANOVA). The non-
stressed control group had statistically higher 20S-proteasomal activity
compared to all the groups except the PREP transfected groups (Fig. 12B). In
PREPko cells, aSyn + PREP groups were statistically different only to non-
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stressed control and PREP transfected groups (p < 0.0005), and oxidative
stress control (p = 0.005) group. When aSyn and PREP transfected groups
were compared, a statistical difference was observed between non-stressed
(p = 0.015)  and  oxidative  stress  (p = 0.0001) groups that indicated that in
PREPko cells overexpression of PREP alone does not significantly decrease
20S-proteasomal activity.

Accumulation  of  autophagosomes  was  observed  in  wt  and  PREPko  cells
after 4 h bafilomycin A1 (10 and 50 nM) treatment (Fig. 12D). HEK-293 wt
cells  showed  a  2-fold  increase  (p = 0.0031)  in  autophagosomes  with  10  nM
bafilomycin A1 treatment (F(2,9) = 11.02, p = 0.0038, one-way ANOVA).
Concentration-dependent accumulation of autophagosomes was seen in
PREPko cells (F(2,9) = 10.15, p = 0.0038) with a 3-fold increase at 10 nM
(p = 0.046) and a 4-fold increase at 50 nM (p = 0.0055) concentration of
bafilomycin A1, suggesting that PREPko cells have increased autophagic flux
(Fig. 12D).

We measured aSyn levels in cell medium after we noticed that some of the
data from WB showed an apparent decrease of total aSyn in membrane bound
and insoluble fractions (Fig. 10). After aSyn transfection and oxidative stress
treatment there was a significant increase in aSyn protein levels in PREPko
cell media compared to wt cells (Fig. 12E; p < 0.0005). PREPko cells showed
a significant oxidative stress-related increase of secreted aSyn (p < 0.0005)
between aSyn and aSyn + PREP transfected PREPko cells (Fig. 12E;
p = 0.021).

5.6 PREP deletion and inhibition affects beclin1/bcl2
complex phosphorylation by activating upstream
kinase pathways responsible for autophagy
activation (study III)

Our group has previously demonstrated that PREP inhibition by KYP-2047
induces autophagy and is one of the mechanisms responsible of aSyn clearance
(Savolainen et al., 2014). Additionally, data from study I showed that PREPko
cells have induced autophagy and altered 20S proteasome activity. In study III
(schematic representation Fig. 17C), we characterized the network starting
from beclin1 since in a previous publication (Savolainen et al., 2014), PREP
inhibition caused changes in beclin1 levels. Particular p-beclin1
phosphorylation event is indicative of beclin1 activation due to dissociation of
inhibitory beclin1-bcl2/bcl-xL (B-cell lymphoma 2 /B-cell lymphoma-extra
large) complex (Zalckvar et al., 2009b), and phosphorylation of bcl2 (Ser-70)
or  bcl-xL  (Ser-62)  residues  is  associated  with  reduced  binding  to,  and
subsequent  activation  of,  beclin1  (Wei  et  al.,  2008;  Pattingre  et  al.,  2009).
Indeed, we saw an increased phosphorylation of beclin1 (Thr-119; p-beclin1)
after 4 h KYP-2047 treatment (Fig. 13A; p = 0.008) in HEK-293 cells.
Additionally,  increase  in  bcl2  protein  levels  were  observed  (Fig.  13A;  p  =
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0.0403). When PREP was deleted in HEK-293 cells, we saw an upregulated
beclin1 (p = 0.0071), p-beclin1 (p = 0.0101), and phosphorylated bcl2 (Ser-70;
p < 0.0001), and decreased bcl2 (p < 0.0001) levels in PREPko cells compared
to  the  corresponding  wt  cells  (Fig.  13B).  In  PREPko  mouse  cortical  tissue
samples, bcl-xL protein levels were lowered (p = 0.0429) and phosphorylated
bcl-xL  (Ser-62)  was  upregulated  (Fig.  13B;  p  =  0.0223).  To  test  if  opposite
changes would occur with PREP overexpression, we overexpressed PREP in
HEK-293 cells. In wt cells, PREP overexpression caused a significant decrease
in p-beclin1 levels compared to control (p= 0.0003) or catalytically inactive
S554A-PREP (p = 0.0198) transfected groups (Fig. 13C), however bcl2 protein
levels were decreased as well (p= 0.0005).
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Figure. 13 PREP inhibition or deletion alters PP2A downstream kinase pathways, and
beclin1 and bcl2 phosphorylation. (A) Beclin1 and bcl2 protein levels and beclin1 Thr-119
phosphorylation (p-beclin1) was increased after 4 h PREP inhibition in HEK-293 cells. (B) PREPko
cells had upregulated beclin1 and p-beclin1 levels. Bcl2 levels in PREPko cells or Bcl-xL levels in
PREPko mouse cortex were decreased while their corresponding phosphorylated forms were
increased. (C) Wt cells after PREP overexpression had decreased p-beclin1 and bcl2 protein
levels, while in PREPko cells a minor decrease in b-beclin1 was seen. (D) 4 h PREP inhibition
increased DAPK protein levels, and decreased JNK1 protein levels and p-JNK1 (Tyr185)
phosphorylation. (E) PREPko cells and mice have increased DAPK protein levels and decreased
S-308 DAPK phosphorylation (p-DAPK). JNK1 levels were increased in PREPko mice while p-
JNK1 was decreased in PREPko cells. (F) PREP overexpression or restoration increase p-JNK1
levels. In PREPko cells, p-DAPK was upregulated. Bars represent mean ± SEM, *p < 0.05; **p <
0.01; ***p < 0.001; ****p < 0.0001, student’s t-test and ANOVA.

Death-associated protein kinase (DAPK) has been shown to induce
autophagy by phosphorylating beclin1 (Zalckvar et al., 2009a; Zalckvar et al.,
2009b) while c-Jun N-terminal kinase 1 (JNK1) has been shown to
phosphorylate bcl2/bcl-xL at multiple sites (Wei et al., 2008). After 4 h KYP-
2047 incubation, DAPK and JNK1 protein levels, Ser-308 phosphorylation site
on DAPK (p-DAPK), and Tyr-185 phosphorylation site on JNK1 (p-JNK1) were
analyzed by WB (Fig. 13D). PREP inhibition significantly elevated DAPK
protein levels (p = 0.0037) but had little effect on p-DAPK while both JNK1
(p= 0.0179) and p-JNK1 (p = 0.0031) levels were decreased. Similar changes
were seen in PREPko cells and mouse cortex, where increase in DAPK protein
levels (Fig. 13D; cells, p = 0.0015; mouse, p < 0.0001) and decrease in p-DAPK
(Fig. 13D; cells, p = 0.0003; mouse, p = 0.0052) was detected. Additionally,
decrease in p-JNK1 was seen in PREPko cells (p = 0.0187) while increase in
JNK  protein  levels  (p=  0.0071)  was  seen  in  PREPko  mice  cortical  tissue
samples. Interestingly, PREP overexpression slightly downregulated DAPK
protein levels (Fig. 13F) compared to both control (p = 0.0283) and S554A-
PREP (p = 0.0005) groups while p-JNK1 was significantly increased (Fig. 13F)
in PREP group (p = 0052 vs. control; p = 0.0217 vs. S554A-PREP).
Restoration of PREP in PREPko cells increased p-DAPK levels only in PREPko
group (Fig.  13F;  vs.  control  p  =  0.0014,  vs.  S554A-PREP p  =  0.0008).  The
effect on p-JNK1 levels in PREPko cells was similar to that observed in wt cells,
PREP restoration increased p-JNK1 levels compare to control (p = 0.002) but
the phosphorylation level in S554A-PREP group was similarly increased
compared to control group (p = 0.0023) pointing to differences between PREP
catalytical activity and protein conformation changes (Fig. 13F).

5.7 PP2A complex regulates downstream kinase
activation after PREP inhibition or deletion (study III)

DAPK and JNK1 dephosphorylation is controlled by protein phosphatase
2A (PP2A) that is the main phosphatase in mammalian cells (Fig. 17B-C).
Therefore,  we  wanted  to  study  the  effects  of  PREP inhibition  on  PP2A.  We
observed decrease in PP2Ac’s phosphorylation levels after 4 h PREP inhibition
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(p = 0.005) or FTY720, a known PP2Ac activator (Chen et al., 1992; Cristobal
et al., 2011) [0.5 μM; p = 0.0018] treatment (Fig. 14A), indicating increased
activity of PP2A. PP2Ac protein levels were slightly increased in KYP-2047
treated  group  (Fig.  14A;  p  =  0.0319).  When  we  treated  cells  with  a  PP2Ac
inhibitor, okadaic acid (OA) [Fig. 14B; 50 nM], or combination of OA and KYP-
2047, only OA treated cells had significantly increased phosphorylated Tyr-
307 PP2Ac (p-PP2Ac; p = 0.0263) levels. PP2A complex activation correlates
with  PP2Ac  dephosphorylation  [Fig.  17A]  (Chen  et  al.,  1992)  and  increased
phosphorylation of PP2Ac is especially evident in acute myeloid leukemia
(Cristobal et al., 2011).

Interestingly, in PREPko cells p-PP2Ac phosphorylation levels were
significantly decreased (Fig. 14C; p < 0.0001) while in PREPko mice cortex the
total PP2Ac protein levels are upregulated (p = 0.0031). However, when PREP
or S554A-PREP was overexpressed changes were seen only in wt HEK-293
cells  (Fig.  14D).  The  PREP  transfected  group  had  significantly  decreased
PP2Ac levels (Fig. 14D; vs. control, p < 0.0001; vs. S554A-PREP, p = 0.0016)
while  p-PP2Ac  phosphorylation  was  decreased  in  PREP  (p=  0.0377)  and
S554A-PREP (p= 0.0377) groups compared to control.

Changes in PP2Ac phosphorylation and protein levels prompted us to
investigate  whether  PREP  modifications  could  have  an  effect  on  PP2A
subunits, and if PREP could regulate PP2Ac’s activity by modifying its
endogenous regulators. Interestingly, PP2A 55 kDa regulatory subunit B alpha
(B55 ) protein levels  after  4 h PREP inhibition were decreased (Fig.  15C; p
=0.0016), however in PREPko cells (Fig. 15D; p = 0.003) and PREPko mice
cortical tissue (Fig. 15C; p = 0.0351) the levels were increased. When PREP
was overexpressed, decrease in B55  was seen only in wt HEK-293 cells
compared to control (p = 0.0162) and S554A-PREP (p = 0.0016) transfected
samples (Fig. 15F). After 4 h KYP-2047 treatment, the levels of an endogenous
inhibitor, PME1, protein levels were decreased (Fig. 15C; p = 0.0419), but not
in  PREPko  cells  or  animals  (Fig.  15D).  However,  in  PREPko  cells,  PREP
restoration significantly increased PME1 levels compared to the control group
(Fig. 15E; p = 0.0026). Another PP2Ac regulator that changed due the PREP
modifications, was PTPA that was significantly lowered by PREP
overexpression (Fig. 15E; vs. control, p = 0.0138; vs. S554A-PREP, p = 0.0313)
in wt cells as well as in PREPko cells (Fig. 15E; p = 0.0253). However, levels
were not changed after PREP inhibition in PREPko cells or animal cortex (Fig.
15C-D).

Thereafter we tested if PREP could be interacting with PP2Ac complex
subunits or regulatory proteins. PCA was used to screen for putative
interaction partners. Surprisingly, a luminescence signal indicating a direct
interaction between PREP-PP2Ac, PREP-PME1, and PREP-PTPA (Fig. 14H)
was seen. When cells were treated with 10 μM KYP-2047, the signal intensity
was significantly increased for PREP-PME1 (Fig. 14H; p = 0.0391). When
PREP or S554A-PREP complex formation with the aforementioned proteins
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was tested, signal intensity was increased between S554A-PREP-PME1 and
S554A-PREP-PP2Ac complex (Fig. 14I).

Figure. 14 PREP is a novel PP2A complex interacting protein that after inhibition or
deletion dephosphorylates PP2Ac at Tyr-307. (A-B) PP2Ac and p-PP2Ac protein levels were
altered after HEK-293 cells were treated 4 h with KYP-2047 (1 μM), FTY720 (0.5 μM), OA (50 nM),
and combination of OA and KYP-2047. (C) p-PP2Ac levels are significantly decreased in HEK-293
PREPko cells while in PREPko animals PP2Ac protein levels are upregulated. (D) PREP
overexpression in HEK-293 cells decreased PP2Ac levels and its phosphorylation. (E-G) FLAG-
PTPA, FLAG-PME1, and FLAG-PP2Ac immunoprecipitate PREP. B55  pulldown in PREPko cells
was reduced but could be restored by overexpressing PREP. (H-I) Luminescence signal was
detected between GLuc fused PREP or S554A-PREP and GLuc-PME1, GLuc-PTPA plasmids in
HEK-293 PREPko cells. Luminescence signal between proteins increased after 4 h incubation with
KYP-2047 (10 μM). Bars represent mean ± SEM, *p < 0.05; **p < 0.01; ****p < 0.0001, student’s t-
test and ANOVA.
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Figure. 15 PREP inhibition or deletion affects B55 , PTPA, and PME1 protein levels and
their colocalization with PP2Ac. ICC was performed in SH-SY5Y wt (incubated with either DMSO
or KYP-2047) or PREPko cells. (A) PP2Ac (in green) and PME1 (red) (B) PP2Ac (in green) and
PTPA (red). Scale bars: 5 μm. (C) HEK-293 cells treated 4 h with KYP-2047 showed increased
B55  and decreased PME1 protein levels. (D) B55  levels were increased in PREPko cell and
mice cortical tissue samples. (E) PREP overexpression in wt cells decreased B55  and PTPA
levels, while in PREPko cells PREP restoration reduced PTPA and increased PME1 protein levels.
Bars represent mean ± SEM, *p < 0.05; **p < 0.01, student’s t-test and ANOVA.

We attempted to coIP PREP with FLAG-PTPA, FLAG-PME1, and FLAG-
PP2Ac (Fig. 14E-G). FLAG-PTPA immunoprecipitated PREP, and moreover,
PREP  coIP  was  more  pronounced  when  KYP-2047  was  added  to  the
incubation buffer or when PP2Ac was overexpressed in addition to PREP and
FLAG-PTPA (Fig. 14E). We were able to immunoprecipitate PREP with FLAG-
PME1 (Fig. 14F) and FLAG-PP2Ac (Fig. 14G) but KYP-2047 had no effect on
the  interaction.  However,  when  B55  levels  were  measured  from  the  same
samples, FLAG-PP2Ac in PREPko cell fractions did not immunoprecipitate
B55 , and only after PREP restoration B55  pulldown slightly increased.
Interestingly, B55  levels were restored to those observed in wt cells after
PREP overexpression and KYP-2047 addition to the incubation buffer (Fig.
14G).
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 These results were supported by immunocytochemistry showing that the
PP2Ac-PME1 interaction was increased with KYP-2047 treatment (Fig. 15A).
Complete loss of PREP affected PP2Ac-PME1 complex formation differently
than catalytical inhibition, most of the PME1 and PP2Ac staining was lost in
PREPko  cell  nuclei  while  PP2Ac  puncta  were  smaller  in  cytosol  (Fig.  15A).
Similar but less pronounced colocalization was seen between PP2Ac-PTPA
complex after PREP inhibition or deletion (Fig. 15B).

5.8 Impact of PREP inhibition and deletion on PP2A-
mediated disease models (study III)

Downregulation of PP2A activity has been connected to tau
hyperphosphorylation in AD (Sontag and Sontag, 2014), and to uncontrolled
cell  proliferation  in  various  cancers  (Ruvolo,  2016).  Since  elevated  PREP
activities  have  been  reported  in  these  conditions  (Sakaguchi  et  al.,  2011;
Hannula et al., 2013; Larrinaga et al., 2014; Suzuki et al., 2014; Tanaka et al.,
2017), we wanted to test if PREP inhibitors have beneficial effects on cellular
models of these diseases. HEK-293 cells were transfected with 0N4R tau and
its aggregation was initiated with OA. Thereafter, two total tau antibodies were
used  to  measure  tau  aggregation  in  HEK-293  cells  with  tau  overexpression
after OA+KYP-2047 treatment (Fig. 16IA-C). When we used an antibody that
has been raised against a peptide close to the Ser-262 phosphorylation site, in
the soluble fraction tau levels were significantly upregulated in both OA (Fig.
16A; vs. KYP-2047 treated group; p = 0.0007) and OA+KYP-2047 (Fig. 16A;
vs. KYP-2047 treated group; p = 0.0137) groups. In the insoluble fraction, the
OA+KYP-2047 treated group had reduced tau aggregation (Fig. 16A).  Total
tau antibody (Tau5) showed increased tau levels in the soluble cell fraction in
the OA+KYP-2047 treated group (Fig. 16B; vs. KYP-2047 treated group; p =
0.0108)  but  similar  to  S262-Tau,  the  insoluble  fraction  had  significantly
increased tau protein levels only in the OA treated group (Fig. 16B; vs. KYP-
2047 treated group; p = 0.0102).

Additionally, to assess PREP’s impact on other cellular processes regulated
by PP2A, we measured cell proliferation. HEK-293 PREPko cell proliferation
levels were significantly reduced compared to wt cells (Fig. 16D; p = 0.0002).
However, when wt cells were incubated with KYP-2047, we saw only minor
changes in the proliferation rate (Fig. 16E). Though when we treated breast
cancer  cell  line  (MCF7,  Fig.  16F),  that  is  reported  to  have  an  increased
expression of PP2A inhibitory protein SET and reduced PP2A activity (Rincon
et al., 2015), we observed reduced proliferation rate of the MCF7 cells with 10
μM KYP-2047 treatment (vs. DMSO p = 0.404).
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Figure. 16 PREP deletion and inhibition decreases OA caused tau aggregation and cell
proliferation in a cancer cell line. HEK-293 cells were treated with OA (10 nM) and combination
of OA and KYP-2047 (10 μM) for 48 h and tau protein distribution between the soluble and insoluble
fractions was measured with (A) total tau5 and (B) S262-tau antibodies. OA and KYP-2047 treated
samples had decreased aggregate levels in insoluble fractions. (C) Representative WB images for
figures A and B, full bands in study III’s supplementary material. Cell proliferation rate was
measured by [methyl-3H] thymidine incorporation from (D) HEK-293 wt and PREPko cells, (E) HEK-
293 cells treated with KYP-2047, and (F) MCF7 cells treated with KYP-2047 for 24h. PREPko cells
and MCF7 cells after KYP-2047 treatment showed decreased proliferation rate.  Bars represent
mean ± SEM, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; student’s t-test and ANOVA.
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6 DISCUSSION

6.1 Methodological considerations

PREP  has  been  implicated  in  the  pathology  of  AD  and  PD  as  the
colocalization of PREP has been reported with aSyn in PD patient SN and with

-amyloid plaques and tau protein in AD patient post-mortem brains
(Hannula et al., 2013). Several studies have reported changes in PREP enzyme
activity in these diseases (Mantle et al., 1996a; Laitinen et al., 2001) and during
aging (Jiang et al., 2001). Earlier studies have demonstrated a beneficial effect
of PREP inhibition on aSyn aggregation in vitro (Brandt et al., 2008), in cell
models (Myohanen et al., 2012; Dokleja et al., 2014), and in transgenic animal
brains (Myohanen et al., 2012; Savolainen et al., 2014). Additionally, reports
on PREP protein-protein interactions indicate that PREP’s non-hydrolytic
functions could be catalytical activity independent (Di Daniel et al., 2009;
Savolainen  et  al.,  2015).  For  example,  the  abnormal  neuronal  growth  cone
morphology  that  is  seen  in  PREPko  mice  can  be  restored  to  the  wt  animal
phenotype after overexpression of catalytically inactive PREP (Di Daniel et al.,
2009). Similarly, PREP binding to aSyn is PREP activity independent
(Savolainen et al., 2015). Comprehensive research has been done on aSyn
aggregation after PREP catalytical inhibition. However, there has not been any
data on aSyn aggregation in the absence of PREP in cells or animals.
Aforementioned reports indicate that addressing PREP modulation with only
PREP  inhibitors  might  not  be  sufficient  to  elucidate  PREP’s  role  on  aSyn
aggregation.

In  this  work,  the  aSyn  AAV  vector  overexpression  model  was  chosen
because aSyn AAV vectors have high efficiency to transfect neurons in the
SNpc. After AAV delivery, histopathological changes develop over a relatively
short time [4 to 8 weeks] (Kirik and Björklund, 2003) compared to transgenic
animal models where initial symptoms develop slowly (9-12 months). In a
prior PREP inhibitor study, even though PREP inhibition increased aSyn
clearance and reduced aSyn immunoreactivity in a transgenic mouse line,
clear motor changes were not seen (Savolainen et al., 2014). Unilateral aSyn
overexpression presents an opportunity to evaluate loss of TH+ cells,
appearance of motor deterioration that in turn would present an opportunity
for PREP inhibitor intervention. After aSyn overexpression, initial
spontaneous motor asymmetry in the cylinder test is largely caused by
impaired dopamine release while total striatal dopamine content remains
steady and TH+ cell loss is not seen (Lam et al., 2011; Gaugler et al., 2012).
Consequently, the aSyn viral vector model is suitable for evaluation of drugs
that have potential to reduce aSyn mediated synaptic toxicity when
dopaminergic cell loss is still not apparent.
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6.2 aSyn toxicity is altered in the absence of PREP (I)

In study I, it was demonstrated that PREPko animals are less sensitive to
aSyn overexpression. Restoration of PREP together with aSyn overexpression
resulted  in  a  more  pronounced  drop  in  locomotor  activity  in  aSyn  +  PREP
injected animals, pointing to increased toxicity. In cylinder test, PREPko
animals irrespective of viral vector injections did not exhibit motor misbalance
that could be explained by increased extracellular levels of dopamine and
delayed dopamine reuptake by dopamine transporter in PREPko mice
striatum (Julku et al., 2018). aSyn + PREP injected animals had less TH+ cells
in SN as opposed to aSyn injected animals and this could be either the synergic
increase in aSyn toxicity due to PREP overexpression or due to an increased
load of viral vector particles that were injected in the aSyn + PREP animal
groups. However, cell data would support the prior reason of PREP
potentiating aSyn toxicity, as aSyn + PREP transfected groups exhibited the
highest cell death. Additionally, PREPko mice that had PREP restored in their
nigrostriatal tract did not exhibit any toxicity (Julku et al., 2018).

aSyn aggregation was quantified by stereology but no apparent changes
were seen in oligomer numbers between wt and PREPko animals.
Nevertheless, PK-resistant aSyn oligomers were significantly reduced in
PREPko mice injected with aSyn + PREP and the same observation held true
for the p-S129 aSyn. This could indicate that PREPko mice injected with aSyn+
PREP have more soluble oligomer aSyn species that are thought to be more
toxic (Karpinar et al., 2009; Winner et al., 2011), while reduced aSyn p-S129
levels also corroborated this observation due to the fact that most of the aSyn
in, for example, LBs is phosphorylated. However, whether p-S129 aSyn is an
indicator of toxicity is not comprehensively understood (Oueslati, 2016).

Experiments  with  PREPko  cells  indicated  that  lack  of  PREP  could
ameliorate aSyn toxicity due to increased autophagic flux, at the same time
cells showed reduced 20S proteasomal activity at basal conditions. Increase in
autophagic flux is similar between PREP inhibition and deletion. However, in
transgenic  mice  PREP  inhibition  was  showed  to  increase  20S  proteasomal
activity to the wt mice levels (Savolainen et al., 2014), but in study I, the
overexpression of PREP in PREPko cells barely reduced 20S proteasomal
activity. This could be an indication that PREPko cells have developed
compensatory mechanisms that allow them to cope with protein overload.

Additionally, PREPko animals do not respond to the lipopolysaccharide
(LPS)-induced microglial activation pointing to direct involvement of PREP in
neuroinflammation (Hofling et al., 2016). PREP is not present in glial cells of
the  healthy  brain,  however  during  inflammation  PREP  expression  in
microglial cells rapidly increases (Penttinen et al., 2011). aSyn is a known
inducer of microglial activation (Rocha et al., 2018) and aSyn aggregates are
able to potentiate neurotoxicity via glial activation. After aSyn aggregate
engulfment, activated microglia rapidly starts producing ROS via NADPH
oxidase (nicotinamide adenine dinucleotide phosphate oxidase) associated
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pathways (Zhang et al., 2005). While PREP inhibitor, KYP-2047, is capable of
reducing TNF  (tumor necrosis factor alpha) levels and exhibit
neuroprotection after microglial stimulation with LPS and IFN  (interferon
gamma) in neuronal co-cultures (Natunen et al., 2018). Interestingly, IFN
and aSyn stimulated microglial supernatant toxicity in SH-SY5Y cells could be
abolished by PREP inhibition (Klegeris et al., 2008). Even though study I did
not  address  the  possible  role  of  microglial  activation  as  a  mechanism  of
reduced  aSyn  toxicity,  it  could  provide  an  explanation  for  PREPko  animal
resistance to aSyn toxicity (Hofling et al., 2016).

6.3 PREP inhibition decreases aSyn oligomer particle
numbers and improves motor behavior in the aSyn
virus vector overexpression mouse model (II)

Since none of the earlier reports of PREP inhibition on aSyn aggregation
showed  behavioral  changes,  the  main  purpose  of  study  II  was  to  establish
whether aSyn-caused motor deficits can be rescued by PREP inhibition.
Consequently, study II was aimed at establishing the aSyn viral vector
overexpression mouse model that would have motor misbalance after aSyn
overexpression in nigrostriatal tract in order to administer KYP-2047 after
motor deterioration would have become apparent. The main findings in study
II were that chronic intraventricular KYP-2047 delivery restores aSyn-caused
unilateral motor misbalance to the levels of control animals. This effect was
likely mediated through decreased PK soluble aSyn aggregate formation in SN.
While PREP inhibition had little effect on total aSyn protein levels, thus
further  supporting  the  impact  of  PREP  on  formation  of  aSyn  oligomers  as
shown in study I. Additionally, TH+ stereology showed decreased neuron loss
in  the  KYP-2047  treated  animal  group  compared  to  controls  pointing  to
increased neuronal survival after KYP-2047 treatment was initiated. There has
been contradictory information on dopaminergic cell loss in aSyn viral vector
based mouse models in the literature (St Martin et al., 2007; Lee et al., 2012;
Oliveras-Salva et al., 2013), and the idea that aSyn overexpression can cause
motor impairment without dopaminergic cell loss has been under debate (Lee
et al., 2012).

Similarly,  in  study  I,  TH+  cell  loss  was  mild  but  caused  a  behavioral
response, probably due to the decreased extracellular dopamine in striatum.
However, our findings did not fully support the idea that PD-phenotype in the
aSyn  overexpression  model  is  dependent  on  dopaminergic  cell  loss.  It  is
possible that mouse endogenous aSyn protects cells from human aSyn
overexpression as suggested by Luk et al. (2016). To support this, aSyn virus
vector injections have been more toxic in rats (Kirik et al., 2002; Yamada et
al., 2004), and in a recent paper, aSyn viral vector overexpression in rat SN
showed a direct impact on nigrostriatal projection degeneration and loss of
unilateral vesicular monoamine transporter 2 (VMAT2). This indicates that
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aSyn aggregation in early stages of PD pathology initiate motor symptoms via
disruption in dopamine homeostasis and aberrations in synaptic transmission
independently of cell loss (Phan et al., 2017).

Even though study II did not directly address this issue it could be
extrapolated that earlier findings of KYP-2047-induced autophagic aSyn
degradation and reduced aSyn dimerization could have contributed to the
reduced aSyn oligomerization and improved motor behavior (Savolainen et
al., 2014; Savolainen et al., 2015). Particularly, the reduced PK soluble aSyn
species in the presence of KYP-2047 point to PREP’s role in the early stages of
aSyn aggregation and especially in dimerization of aSyn that has been
previously suggested from in vitro studies (Lambeir, 2011; Savolainen et al.,
2015).  Moreover,  since  PK-resistant  aSyn  inclusions  were  not  decreased  as
effectively as soluble forms after KYP-2047 treatment, this suggests that this
might be related to the protein degradation pathway’s ability to degrade these
inclusions  after  they  have  already  been  formed.  There  are  no  reports  about
autophagy’s ability to degrade in vivo formed insoluble aSyn aggregates, and
at least insoluble preformed fibrils are not degraded by autophagy (Tanik et
al., 2013).

Whether LBs and higher order aSyn aggregates are the main cause of the
neuronal toxicity is highly debated. Large aggregates could act as a protective
mechanism that sequesters soluble toxic oligomer species (Roberts and
Brown,  2015;  Brundin  et  al.,  2017;  Peng  et  al.,  2018).  There  are  reports
showing that soluble oligomers rich in -structure are highly toxic species
(Cremades et al., 2012), and this supports the use of PREP inhibition to reduce
aSyn toxicity in synucleinopathies.

6.4 PREP and PP2A complex interaction and activity is
modulated by KYP-2047 (III)

From the discovery of PREP as a proline cleaving peptidase in the early
seventies (Walter et al., 1971) up until a decade ago, PREP research has focused
mainly on its peptidase activity (Garcia-Horsman et al., 2007). However, in
vitro substrates for PREP could not be verified in the in vivo studies, and fairly
recently, PREP has been demonstrated to form direct protein interactions
independently of its catalytical activity with growth-associated protein GAP-
43, GAPDH, and aSyn (Di Daniel et al., 2009; Matsuda et al., 2013; Savolainen
et al., 2015). In relation to aSyn, it was demonstrated that PREP increases aSyn
aggregation in vitro but  this  process  could  be  reversed  by  PREP catalytical
inhibition (Brandt et al., 2008). Later on it was shown that PREP inhibition
does not dissociate PREP and aSyn complex and that PREP conformational
changes upon PREP inhibition prevented aSyn dimerization (Savolainen et al.,
2015). Due to these observations, it was suggested that PREP might act as a
regulatory protein through peptide-gated protein interactions where PREP
enzymatic activity has a secondary importance (Mannisto and Garcia-
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Horsman, 2017). Although PREP has been reported to participate in various
physiological and pathological processes, such as cell proliferation and
maturation (Agirregoitia et al., 2007; Moreno-Baylach et al., 2011), cellular
signaling (Harwood, 2011), protein processing (Tenorio-Laranga et al., 2012),
and  several  others,  the  primary  physiological  role  for  PREP  has  not  been
found.

Figure. 17 Schematic representation of PREP role in PP2A complex and downstream
kinase pathway activation. (A)  PP2Ac  forms  a  complex  with  scaffold  subunit  A  and  PREP;
phosphorylation of PP2Ac renders it inactive. 1. After PP2Ac is dephosphorylated, PTPA in the
presence of ATP and metal ions activates PP2Ac catalytical pocket; 2. Leucine carboxyl
methyltransferase 1 (LCMT1) binds to the PP2Ac and methylates Leu-309. Methylated PP2Ac
allows binding of B55 ; 3. PME1 binds PP2A complex and demethylates PP2Ac; 4. B55  and
metal ions dissociate from the catalytical pocket rendering PP2A inactive (stable); 5. PME1 can
bind inactive PP2A holoenzyme. KYP-2047 increases binding and recycling time between
active/inactive PP2A complexes. (B) PREP negatively affects PP2A activity by reducing PP2Ac
autodephosphorylation. (C) KYP-2047 changes PREP binding to the PP2A and facilitates PP2Ac
dephosphorylation. PP2A dephosphorylates DAPK and JNK1 inactivating JNK1 and activating
DAPK. DAPK phosphorylates beclin1 while unknown kinase (kinase X) pathway phosphorylates
bcl2/bcl-xL. Phosphorylation of beclin1/bcl2/bcl-xL dissociates complex and activates autophagy.

In  this  study,  we  showed  that  PREP  regulates  PP2A  –  the  main
serine/threonine phosphatase in mammalian cells – via direct protein-protein
interactions (schematic representation in Fig. 17A). Our studies show that
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PREP catalytical activity is not essential for PP2A complex binding, supporting
the hypothesis that peptidase activity is not the main cellular function of
PREP.  However,  divergence  in  downstream kinase  pathways  after  PREP or
catalytically inactive S554A-PREP overexpression point to protein
conformation  and/or  PREP  enzymatic  activity  as  a  prerequisite  for  the  full
PP2A activation. Previous PREP-aSyn interaction studies have demonstrated
that interaction between aSyn and S554A-PREP is stronger than the binding
between the PREP-aSyn complex, however the S554A-PREP interaction could
not be altered with PREP inhibitors (Savolainen et al., 2015), giving additional
strength to catalytically active PREP conformation being an important factor
in PREP protein-protein interactions.

Study III’s data indicates that PREP could exist in different PP2A protein
complexes, as PREP was immunoprecipitated with PME1, PTPA, and PP2Ac.
Increased luminescence signal was seen between PREP and PME1 after KYP-
2047 treatment and this suggests that inhibited PREP conformer more
actively interacts with PME1. Additionally, PP2Ac and PME1 colocalization
data indicated that after KYP-2047 treatment proximity of PP2Ac-PME1 is
increased. PP2Ac is the only known PME1 substrate (Lee et al., 1996; Yabe et
al., 2018) and PME1 binding to PP2Ac is necessary for its demethylation, but
at  the  same  time,  PME1  inactivates  PP2Ac  by  evicting  metal  ions  from  the
catalytical  pocket  of  PP2Ac  (Xing  et  al.,  2008).  Moreover,  PME1  acts  as  a
regulator of PP2Ac stability and protects it from ubiquitination and
proteasomal degradation (Yabe et al., 2015). However, in pathological
conditions PME1 has been reported to act  as a  PP2A inhibitor,  as  increased
PME1 protein levels have been reported in cancer (Wandzioch et al., 2014).
Then again, PME1 bound inactive PP2A complex can be reactivated by PTPA
(Fellner et al., 2003; Longin et al., 2004; Hombauer et al., 2007), and PTPA
can indirectly control PP2Ac phosphorylation levels by mediating protein
tyrosine phosphatase 1B protein and mRNA levels, thus leading to the
decrease in PP2Ac phosphorylation (Luo et al., 2013). In study III,
colocalization of PP2Ac and PTPA after KYP-2047 inhibition was increased;
this PTPA proximity could be an indicator of PP2A complex reactivation and
this  was  supported  by  decreased  Tyr-307  phosphorylation  of  PP2Ac  and
corresponding changes in the kinase network (see below). KYP-2047
treatment, PREPko cell and animal data points to a scenario where PREP
inhibition initially inactivates PP2A complex by increasing PP2Ac-PME1
complex assembly and protects it from degradation. At the same time, PREP
inhibition increases PTPA and PP2Ac proximity that allows for a rapid PP2A
complex activation (Fig. 17A).

As stated above, decreased PP2Ac phosphorylation in PREPko systems and
after KYP-2047 treatment indicated that PP2Ac is activated (Chen et al., 1992;
Liu et al., 2008). Increased PP2A activity was additionally validated by PP2A
downstream kinase pathway activation: we saw activating dephosphorylation
in Ser-308 in DAPK, inhibiting dephosphorylation in JNK Tyr-185, and
corresponding changes in beclin1 Thr-119 phosphorylation and Bcl2/Bcl-xL
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levels. This leads to dissociation of Beclin1-Bcl-2/Bcl-xL complexes and
initiation of autophagosome formation after PREP inhibition or deletion.
Additionally, we screened changes in phosphorylation rates of PP2A-regulated
kinases such as Akt, mTORC1, and S6K and saw decreased phosphorylation
after PREP inhibition and in PREPko systems that further supports the
importance of PREP as a PP2A regulator (see manuscript III). This was further
supported by our findings on decreased tau aggregation and cell proliferation
after PREP inhibition or deletion. The role of PREP as a PP2A regulator can
explain several earlier findings of PREP and its inhibition or deletion. For
example, PREP inhibition has been shown to reduce cancer cell proliferation
through  arrest  in  G0/G1 cell cycle without any effect on non-tumorigenic
control cells (Sakaguchi et al., 2011; Larrinaga et al., 2014; Suzuki et al., 2014;
Tanaka et al., 2017). Additionally, it would explain reports of PREP
involvement in the phosphoinositide metabolism (Williams et al., 1999;
Williams  et  al.,  2002)  due  to  lithium  impact  on  PP2A  activity  (Tsuji  et  al.,
2003; Chen et al., 2006a). PREPko mice brain and body size (Hofling et al.,
2016) could be partially attributed to the increased activity of PP2A (Dickey
and Strack, 2011; Naetar et al., 2014). Moreover, PP2A activity has been shown
to be important in adaptive endotoxin tolerance. Cells repeatedly exposed to
LPS show increase in PP2A activity (Sun et al., 2015). In PREPko animals, LPS
administration does not induce microglia activation (Hofling et al., 2016).

An  initial  report  by  Savolainen  et  al.  (2014)  proposed  that  PREP  is  a
negative regulator of autophagy. However, in light of the results presented in
the thesis it is more likely that the beneficial effects that were observed after
PREP inhibition  in  study  II  or  reduced  aSyn  toxicity  in  PREPko animals  in
study I stem from PP2A modulation. Currently, it is not possible to say
whether a PREP and aSyn protein-protein interaction is linked to the PP2A
activity. There is indication that aSyn can directly modulate PP2A activity (Qu
et al., 2018). Activation of PP2A, similarly, has been suggested for the
treatment  of  PD  and  AD  (Park  et  al.,  2016).  For  example,  eicosanoyl-5-
hydroxytryptamide (EHT) has been shown to reduce aSyn phosphorylation
and aggregation by preventing dephosphorylation of PP2A in an aSyn
transgenic  mouse  model  (Lee  et  al.,  2011).  While  in  an  AD  mouse  model,
sodium selenite, a PP2A activator, was shown to reduce tau phosphorylation
(Corcoran  et  al.,  2010;  van  Eersel  et  al.,  2010).  Additionally,  PP2A  is  an
important drug target for cancer therapy as PP2A downregulation is a
common cancer resistance mechanism (Chen et al., 1992; Cristobal et al., 2011;
Kauko et al., 2018). For example, PP2A activation in a co-treatment with
kinase inhibitors has been suggested as a potentially lethal therapy for hard to
treat cancers as it would sensitize cancer cells to kinase inhibitors
(Westermarck, 2018). Evidence of a PREP and PP2A interaction still does not
address important questions about which PP2A complexes are activating
autophagy after PREP inhibition and whether activation of other PP2A
downstream pathways would contribute to unwanted side effects.
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7 CONCLUSIONS

The  aim  of  this  study  was  to  investigate  the  role  of  PREP  deletion  or
inhibition on aSyn inclusion formation and clearance both in cells and in vivo,
and mechanisms orchestrating these processes. In this work, the approach of
viral vector overexpression was chosen as the main source of aSyn
accumulation and aggregation in vivo. Findings in this work validate data from
earlier PREP inhibitor studies in transgenic aSyn animal models and suggest
an explanation to the long held debate about PREP’s physiological role in cells.
Moreover, the molecular mechanisms underlying PREP activity in cells
suggest that PREP inhibition could not only be a novel strategy in treating
synucleinopathies but also could be implemented in other neurodegenerative
disorders as well as cancer. The main findings from the studies are:

I PREP enhances aSyn-mediated toxicity in cells and in vivo after PREP
restoration  in  PREPko cells  and  mice  nigrostriatal  tract.  However,  PREPko
cell data points to cellular adaptation processes such as increased autophagy,
changed proteasomal activity, and aSyn secretion that mitigate aSyn
overexpression-caused toxicity when PREP is restored to the PREPko cells and
animals.

II Chronic PREP inhibition in mouse aSyn viral vector overexpression PD
model reduced aSyn oligomer formation without affecting total aSyn amount.
Moreover, KYP-2047 treatment was sufficient to abolish unilateral motor
misbalance associated with unilateral aSyn toxicity.

III  PREP  deletion  and  inhibition  affects  PP2A  complex  activity  through
direct protein-protein interaction. This interaction can be modulated by PREP
inhibition that increases PP2A activity and upregulates e.g., autophagy-
inducing proteins. This offers several novel possibilities for PREP modulation
in drug discovery, and may explain earlier reports about PREP, including its
impacts on cell proliferation, changes in its activity during ontogenesis,
ageing, tumors, and neurodegeneration, and suggested functions as a
regulator for cellular signaling. Consequently, PREP’s main physiological
function could be regulation of PP2A.

Preclinical implications discussed in this thesis point to PREP inhibition as
a feasible target therapy not only for PD but also for other neurodegenerative
diseases and possibly cancer. However, before further conclusions can be
drawn, different PREP inhibitors should be tested in the preclinical settings.
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