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Abstract: Parkin and a-synuclein are two key proteins involved in the pathophysiology of Parkinson’s
disease (PD). Neurotoxic alterations of a-synuclein that lead to the formation of toxic oligomers
and fibrils contribute to PD through synaptic dysfunction, mitochondrial impairment, defective
endoplasmic reticulum and Golgi function, and nuclear dysfunction. In half of the cases, the
recessively inherited early-onset PD is caused by loss of function mutations in the PARK2 gene
that encodes the E3-ubiquitin ligase, parkin. Parkin is involved in the clearance of misfolded and
aggregated proteins by the ubiquitin-proteasome system and regulates mitophagy and mitochondrial
biogenesis. PARK2-related PD is generally thought not to be associated with Lewy body formation
although it is a neuropathological hallmark of PD. In this review article, we provide an overview of
post-mortem neuropathological examinations of PARK2 patients and present the current knowledge
of a functional interaction between parkin and a-synuclein in the regulation of protein aggregates
including Lewy bodies. Furthermore, we describe prevailing hypotheses about the formation of
intracellular micro-aggregates (synuclein inclusions) that might be more likely than Lewy bodies to
occur in PARK2-related PD. This information may inform future studies aiming to unveil primary
signaling processes involved in PD and related neurodegenerative disorders.
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1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder
and the most prevalent neurodegenerative movement disorder. It is characterized by the
progressive loss of neuromelanin-containing dopaminergic neurons in substantia nigra
pars compacta (SNpc) [1].

PD primarily manifests as a movement disorder with cardinal motor symptoms such
as bradykinesia, resting tremor, and rigidity [2]. However, it has become apparent that
non-motor symptoms, which include constipation, REM-sleep behavior disorder, and
hyposmia, may precede the motor symptoms by several years. Other non-motor symptoms
may also occur, and at late disease stages, postural instability and dementia are seen [3].
The motor symptoms appear when approximately 50-60% of the dopaminergic neurons
have degenerated, thereby lowering the amount of dopamine in the striatum by 70-80%,
which causes dysregulation of basal ganglia activity [4].

In industrialized countries, PD affects at least 0.3% of the general population, but this
increases with age such that the incidence is 1% in people older than 60 years and over 3%
in people older than 80 years [5,6]. While 5-10% of PD patients have a monogenic variant
with Mendelian inheritance, the remaining 90-95% is sporadic with unknown etiology [7].
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Today, 23 loci and 19 disease-causing genes have been associated with PD, reflecting the
heterogeneity in phenotype, age at onset, and inheritance [8]. A mutation in the PARK2
gene is the most common cause of autosomal recessive PD (ARPD), which accounts for
50% of early-onset parkinsonism [9] and is the main focus of this review article.

A histological hallmark of PD is the presence of intraneuronal eosinophilic proteina-
ceous inclusions termed Lewy bodies, which were first described by the German-born
American neurologist Friedrich Heinrich Lewy in 1912 [10]. A study in 1997 by Spillantini
et al. revealed that a-synuclein was the primary component of Lewy bodies [11]. Since
then, proteome studies have shown that Lewy bodies consist of more than 300 proteins, of
which approximately 90 have been confirmed by immunohistochemistry in post-mortem
studies [12]. However, the process by which Lewy body pathology occurs and their role
in the neurodegenerative process in PD remain to be determined. Lewy body pathology
is generally thought to be absent in PARK2-related PD [13], but it is uncertain whether
Lewy bodies are present in PARK2-related PD patients. In this review, we summarize the
current data describing Lewy body pathology in PARK2-related PD, with the main focus
on a potential interaction between a-synuclein and parkin in the formation of Lewy bodies
or micro-aggregates (synuclein inclusions).

2. a-Synuclein

In humans, a-synuclein is a member of a three-protein family: a-synuclein, B-synuclein,
and y-synuclein [14]. It is a small, soluble 140 amino acid protein located in the presynaptic
terminal and is highly expressed in the brain and specifically in some of the PD-affected
regions such as the hippocampus, olfactory bulb, SNpc, dorsal motor nucleus of the va-
gus, and the lateral and medial mammillary nucleus [15]. However, a-synuclein is also
present outside the central nervous system, particularly in the submandibular gland, en-
teric nervous system, sympathetic ganglia, cardiac and pelvic plexuses, adrenal medulla,
and skin [16-20]. It contains three domains, i.e., an amphipathic N-terminal region (1-60),
a non-amyloid component (NAC) (61-95), and a C-terminal region (96-140) [21]. The
N-terminal region contains a highly conserved area with 11 amino acid repeats that enable
a-synuclein to bind membranes through the formation of an amphipathic a-helix. All
the known mutations that lead to pathologically dysfunctional a-synuclein are located in
this domain, which emphasizes its importance in a-synuclein pathology [22]. The NAC
domain contains a stretch of 12 amino acids that are amyloidogenic and is responsible for
the polymerization and aggregation of a-synuclein [23]. The C-terminal region contains
many charged amino acids and is the domain that contains most of the posttranslational
modification (PTM) sites (Figure 1A) [24].

Numerous normal physiological functions of a-synuclein are known, but there are
likely to be many others not yet identified. Recent studies have revealed that a-synuclein
contributes to the normal functioning of transmitter compartmentalization, storage, and
recycling (Figure 1B) [25]. At the presynaptic terminal, a-synuclein is associated with the re-
serve pool of synaptic vesicles [26], binds membranes through electrostatic interactions with
anionic lipids by lysine residues of the N-terminal domain of a-synuclein [27], and induces
membrane curvature by an extended helical structure [28]. Burré et al. showed that a-
synuclein promotes the assembly of soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) complex that involves binding of the N-terminal domain to phos-
pholipids and the C-terminal domain to synaptobrevin-2/vesicle-associated membrane
protein 2 (VAMP-2), which directly promotes the fusion of the intracellular presynaptic
vesicles with the presynaptic membrane [29].

In its native conformation, a-synuclein has been observed to exist as both monomers [30]
and tetramers, mediated by its KTKEGYV repeats [31]. The PD-associated A53T and A30P
mutations in a-synuclein shift the native tetrameric conformation towards the monomeric
conformation [32], suggesting that the destabilization of the a-helical tetramers and the
increased number of unfolded monomers facilitate the aggregation-mediated pathology
of a-synuclein in PD. However, neurotoxic alterations in a-synuclein that lead to the
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formation of oligomers and fibrils are mediated by missense mutations (A53T, AS3E, A30P,
E46K, H50Q, and G51D) in the SNCA gene [33-39], gene dosage changes by whole-locus
duplications or triplication [40,41], and PTMs of a-synuclein that include phosphorylation
of serine 87 (pSer87) and serine 129 (pSer129) [42], oxidation, and nitration (Figure 1A) [43].
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Figure 1. a#-synuclein function and pathology. (A) Shows a schematic representation of a-synuclein on transcript level with
color-coded functional domains and mutations of a-synuclein mentioned in this article. (B) Under physiological conditions,
a-synuclein (green) is involved in the compartmentalization, storage, and recycling of neurotransmitters. It also contributes
to the exocytotic process by promoting SNARE-complex assembly, thereby enabling the fusion of intracellular presynaptic
vesicles with the presynaptic membrane. Neurotoxic alterations of a-synuclein (red) by missense mutations in the SNCA
gene, gene duplication or triplication, and various PTMs increase the formation of toxic oligomers and fibrils that disrupt
intracellular processes. The internalization of toxic a-synuclein is through dynamin-mediated endocytosis and cell surface
protein-mediated uptake through HSPG, LAG-3, and APLP1. Inside the endosome, a-synuclein is able to rupture the
membrane to allow direct entry to the cytosol. a-synuclein oligomers can permeabilize the plasma membrane by creating
pore-like structures, thus increasing the cytosolic calcium concentration. Activation of the SERCA pump by these oligomers
will later contribute further to the increased cytosolic calcium. Through TRIM28, toxic a-synuclein accumulates inside
the nucleus where it binds and inhibits the PGC-1a promoter and reduces histone H3 acetylation, potentially affecting
numerous cellular processes. This results in reduced PGC-1a¢ mRNA and protein, which reduces mitochondrial biogenesis.

Created with BioRender.com.

2.1. a-Synuclein Propagation and Seeding

Three discoveries were particularly crucial in the understanding of a-synuclein-
mediated PD pathogenesis and disease spread in the nervous system. These were the
finding of a PD-associated mutation in the gene encoding a-synuclein [33], the discovery
that a-synuclein is a primary component of Lewy bodies [11], and the investigation of
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Lewy body pathology in numerous brain autopsies by Braak et al. in 2003 [44]. The latter
study showed that as PD advances, Lewy body pathology affects progressively more
regions of the nervous system [44]. Two long-term transplantation studies published in
2008 led to the hypothesis that misfolded and aggregated a-synuclein can be propagated
to interconnected neurons, resulting in the recruitment and misfolding of endogenous
x-synuclein like a prion protein [45,46]. Patients in these studies were either transplanted
bilaterally with solid pieces of human ventral mesencephalon [46] in the post-commissural
putamen or transplanted with fetal mesencephalic dopaminergic neurons in the puta-
men [45]. In both studies, however, neuropathological examination showed the presence
of a-synuclein-positive Lewy bodies in the long-surviving grafted neurons as well as abun-
dant disease-related pSer129 a-synuclein [45,46]. Since then, extensive efforts have been
made to discover the underlying mechanisms of the a-synuclein-mediated spreading to
interconnected neurons.

First and foremost, different exocytotic pathways including non-classical exocyto-
sis [47], exosomal release [48-50], and direct penetration from the cell membrane [51]
have been shown to mediate the release of toxic a-synuclein oligomers and fibrils to the
extracellular space. Increased stress [52] as well as mitochondrial and proteasomal dys-
function [47] were associated with an increased release of toxic a-synuclein oligomers
and fibrils [47,52]. Different mechanisms for the internalization of a-synuclein oligomers
and fibrils from the extracellular space have been intensively studied in recent years and
include endocytosis, micropinocytosis, and cell surface protein-mediated uptake [53]. The
endocytosis of a-synuclein fibrils has been shown to be facilitated by dynamin [54]. Inside
the endosome, a-synuclein is able to rupture the endosomal membrane, thereby evading
lysosomal degradation and creating direct entry into the cytosol [55]. Furthermore, heparan
sulfate proteoglycan (HSPG), lymphocyte activation gene-3 (LAG-3), neurexin 1b, and
amyloid-beta precursor-like protein 1 (APLP1) mediates the uptake of a-synuclein fibrils
by micropinocytosis [56,57]. Therefore, multiple cell surface receptors might mediate the
internalization of a. -synuclein fibrils.

These findings highlight the different molecular mechanisms that lead to release of a-
synuclein oligomers and fibrils to the extracellular space and their uptake by interconnected
neurons. This was verified in studies demonstrating that the introduction of exogenous
a-synuclein fibrils results in the seeding and recruitment of soluble endogenous a-synuclein
leading to the formation of Lewy bodies in human cell lines [58] and mouse hippocampal
neurons [59].

Having described the ability of toxic a-synuclein oligomers and fibrils to propagate
and seed in interconnected neurons, we will now look at how normal cellular homeostasis
is disrupted.

2.2. a-Synuclein-Mediated Toxicity

Numerous research articles have described multiple dysfunctional pathways associ-
ated with a-synuclein toxicity in PD pathogenesis. These include dysfunctional synaptic-
vesicle trafficking, impaired mitochondrial function, defective endoplasmic reticulum, and
Golgi function, defective autophagy-lysosomal pathway, and nuclear dysfunction [60].

Regarding the dysfunctional synaptic-vesicle trafficking, it has been shown that large
a-synuclein oligomers preferentially bind to synaptobrevin-2/VAMP2, thereby prevent-
ing SNARE complex formation and the fusion of dopamine-containing presynaptic vesi-
cles with the presynaptic membrane (Figure 1B) [61]. Furthermore, overexpression of
a-synuclein in a range corresponding to SNCA gene multiplication resulted in inhibition
of neurotransmitter release and a reduced presynaptic vesicle recycling pool size [62]. Al-
though a-synuclein seems to be mainly located in the presynaptic terminal, it has also been
shown in the nucleus [63]. PD-associated mutations in a-synuclein as well as PTMs (such
as pSer129 a-synuclein) and oxidative stress increase its nuclear localization compared to
wild-type a-synuclein [64-66]. The accumulation of a-synuclein in the nucleus is mediated
by the nuclear protein TRIM28 [67]. Once inside the nucleus, a-synuclein appears to bind
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the promoter of the mitochondrial transcription activator peroxisome proliferator-activated
receptor gamma-coactivator 1o (PGCla) both in vitro, in vivo, and in brain tissue of PD
patients, which leads to reduced activity of the PGCla promoter and reduced levels of
PGCla mRNA and protein [68,69]. Furthermore, the nuclear localization of a-synuclein
reduces acetylation of histone H3 as part of the neurotoxicity in the nucleus [66]. The
nuclear localization of a-synuclein might thus result in mitochondrial dysfunction, which
is one of the main hallmarks of PD, and impair other pathways whose dysfunction might
contribute to PD pathogenesis.

Addition of prefibrillar a-synuclein oligomers have been reported to result in calcium-
induced mitochondrial swelling, mitochondrial depolarization, and cytochrome c release,
thereby impairing mitochondrial homeostasis and potentially initiating apoptosis [70,71].
Aggregated but not monomeric a-synuclein is able to bind and activate the SERCA pump,
leading to an initial reduction in the cytosolic calcium concentration that is followed by
a later increase [72]. Other studies have reported a marked increase in the cytosolic cal-
cium concentration upon increased a-synuclein expression, leading to a toxic activation
of a calcium-calmodulin (CaM)-calcineurin cascade [73,74]. The increased cytosolic cal-
cium concentration can be explained by studies demonstrating the ability of a-synuclein
oligomers to permeabilize lipid bilayers by creating pore-like structures that cause struc-
tural alterations in both the intracellular and plasma membrane. This will result in calcium
flux from the extracellular space and intracellular stores to the cytosol, thereby activating
the CaM-calcineurin cascade leading to toxic effects [75,76].

Regarding the defective autophagy-lysosomal pathway, the accumulation of a-synuclein
reduces lysosomal degradation capacity in induced pluripotent stem cell (iPSC)-derived
neurons and human midbrain dopamine models through reduced activity of glucocere-
brosidase and B-galactosidase; the cause has been suggested to be dysfunctional trafficking
of lysosomal enzymes from the endoplasmic reticulum [77-79]. The precise sequence
of intracellular mechanisms of a-synuclein-mediated neurotoxicity that lead to neuronal
death in PD remains inconclusive, however.

3. Parkin

The PARK2 gene encodes the 52kDa protein parkin, which consists of 12 exons and
465 amino acids [80,81]. A mutation in the PARK2 gene causes an autosomal recessive form
of PD and is the most frequent cause of early-onset PD (EOPD) found in several different
families with distinct ethnicities [82]. Parkin functions as an E3-ubiquitin ligase and has
a broad range of neuroprotective functions including the maintenance of mitochondrial
metabolism [83] and the ubiquitin-proteasome system, where parkin plays an essential
role in the ubiquitin-mediated degradation of misfolded or damaged proteins and in
removal of dysfunctional mitochondria via mitophagy [84]. The protein is widely expressed
throughout the brain, and abundant expression of parkin mRNA has been observed in other
tissues such as the heart and skeletal muscles [81]. Parkin is a RING-in-between-RING
(RBR)-type E3 ubiquitin ligase that catalyzes the mono- and poly-ubiquitylation of several
structurally and functionally distinct proteins, including itself [85,86]. Parkin consists of
an N-terminal ubiquitin-like (UBL) domain that is followed by four cysteine-rich regions,
each of which binds two Zn?* atoms [87]. Three of those regions are the really interesting
new gene (RING) domains designated as RINGO0-2, the last two of which are separated by
a 51-residue in-between-RING (IBR) domain in the C-terminal part (Figure 2A) [88].
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Figure 2. The function of parkin and PARK2-related mutations. (A) Shows a schematic representation of parkin on transcript
level, color-coded functional domains, and PARK2-related mutations mentioned in this article. (B) Shows the various
cellular functions of parkin, which is involved in the ubiquitin-proteasome system as an E3-ubiquitin ligase, regulation
of mitophagy, and mitochondrial biogenesis. In healthy mitochondria, PINK1 is transported through the TOM complex
to the inner mitochondrial membrane, which is followed by cleavage by PARL. The PINK1 protein fragment is released
to the cytosol where it gets ubiquitylated by an N-end rule ubiquitin ligase for proteasomal degradation. With damaged
mitochondria, PINK1 accumulates on the outer mitochondrial membrane bound to the TOM complex. This leads to
PINK1-mediated phosphorylation of parkin at serine 65 in its UBL-domain that increases the activity of parkin. The
ubiquitylation of proteins on the OMM by parkin includes MFN1/2, VDAC, FIS1, and TOMM?20, which is sensed by
autophagic cargo receptors OPTN and SQSTM1/p62. Additionally, the parkin-mediated ubiquitylation and degradation
of PARIS (that normally represses PGC-1«) results in activation of the transcription factors NRF1/2 that will initiate the
transcription of mitochondrial probiogenesis factors such as TFAM, thereby increasing mitochondrial biogenesis. Created
with BioRender.com
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More than 100 PD-associated mutations in the 12 exons of the PARK2 gene have been
identified including missense mutations, large chromosomal deletions and duplications,
truncation mutations, and promoter mutations [82,89]. Besides mutations that impair
the function of the parkin protein, PTMs such as S-nitrosylation, covalent binding of
dopamine, phosphorylation by the stress-activated kinase c-Abl, and oxidative stress have
been shown to impair the activity of parkin in sporadic PD [90-96]. Interestingly, carriers
of PD-associated PARK2 mutations have very similar clinical phenotypes to patients with
sporadic PD [97]. In fact, it is not possible based on clinical symptoms alone to distinguish
PD patients with parkin mutations from those with sporadic PD [98]. However, more
distinctive clinical phenotypes associated with PARK2 mutations include earlier age of
onset, frequent dystonia, and hyperreflexia, and slower disease progression despite the
early onset (see Table 1 for a more comprehensive overview) [97]. Additionally, PARK2-
associated PD patients have a good response towards Levodopa treatment but are prone
to develop Levodopa-mediated dyskinesia [99,100]. Pathologically, PARK2-associated PD
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patients show a significant reduction of neurons in the SNpc and only a moderate decrease
of neurons in locus coeruleus [101].

Table 1. Clinical phenotypes frequently reported in PD cases with PARK2 mutations [97,100,102,103].

Clinical Phenotype

Bradykinesia

Motor features ;
Resting tremor

Anxiety

Psychosis
Non-motor features

Panic attack

Depression

Normal cognitive function

Hyperreflexia

Frequent focal dystonia

Other clinical features Sleep benefit

Benign disease course

Excellent response to low dose Levodopa

Prone to develop Levodopa-induced dyskinesias

Parkin Function

Parkin functions as an E3-ubiquitin ligase that is engaged in monoubiquitylation [104]
and multiple monoubiquitylation [105] as well as K48-linked and K63-linked polyubiquity-
lation [106]. The classical K48-linked polyubiquitylation targets substrates for the proteaso-
mal degradation [107], whereas the K63-linked polyubiquitylation plays a proteasomal-
independent role in the regulation of protein trafficking for lysosomal degradation and
targeting whole organelles for autophagic degradation [108]. The proteasomal-mediated
degradation of proteins involves the sequential action of three enzymes, i.e., ubiquitin-
activating (E1), ubiquitin-conjugating (E2), and ubiquitin-ligase (E3), which cooperate in
adding ubiquitin molecules to proteins destined for degradation (Figure 2B) [109]. Through
a sequential and repetitive action of these enzymes, ubiquitin molecules are attached to
substrate proteins via a covalent isopeptide between the glycine at residue 76 (G76) in the
C-terminal part of ubiquitin and lysine at residue 48 (K48) at the N-terminal part of the
substrate protein targeting them for proteasomal degradation [110,111].

Besides the function of parkin in the ubiquitin proteasomal system, several stud-
ies have shown that parkin specifically translocates from the cytosol to dysfunctional
mitochondria upon an impaired electrochemical membrane potential leading to mito-
chondrial depolarization [112-114]. Mitophagy, the autophagy-mediated degradation of
mitochondria, is in part mediated by the PD-associated proteins parkin and PINK1 in a
ubiquitin-dependent mechanism (Figure 2B) [113,115]. In the parkin-dependent mitophagy
process, PINK1 functions as the mitochondrial damage sensor, parkin as a signal amplifier,
and the ubiquitin chains as the signal effector [116]. When healthy mitochondria are present,
PINK1 is transported through the translocase of the outer membrane (TOM) complex to
the inner mitochondrial membrane (IMM), mediated by its N-terminal mitochondrial tar-
geting sequence [117]. This is followed by its subsequent cleavage by presenilin-associated
rhomboid-like protein (PARL), a protease in the IMM, which leads to the production of a
52kDa PINK1 protein fragment [118,119]. The protein fragment is released to the cytosol
where it is rapidly ubiquitylated for proteasomal degradation by an N-end rule ubiquitin
ligase [118]. Thus, the intracellular levels of PINK1 are low on healthy mitochondria.

When mitochondria are damaged, they become depolarized, leading to inhibition of
PINK1 translocation and processing in the IMM [120]. This results in the accumulation of
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unprocessed PINK1 bound to the TOM complex on the outer mitochondrial membrane
(OMM) and the subsequent phosphorylation of serine 65 in the UBL-domain of parkin,
which increases the ubiquitin chain assembly and hence parkin activity [121,122]. The
parkin-mediated ubiquitylation of proteins located on the OMM includes mitofusin 1/2
(MFN1/2), voltage-dependent anion-selective channel (VDAC) proteins, mitochondrial
fission 1 protein (FIS1), and mitochondrial import receptor subunit TOM20 homologue
(TOMM20) [107]. The formation of these chains of ubiquitin molecules on OMM proteins
is sensed by autophagic cargo receptors such as optineurin (OPTN) and sequestosome 1
(SQSTM1/p62) that will initiate the degradation of damaged mitochondria [123].

In contrast to parkin’s role in the clearance of dysfunctional and damaged mitochon-
dria, it also mediates mitochondrial biogenesis (Figure 2B). Under physiological conditions,
parkin indirectly regulates the expression of the mitochondrial transcriptional coactivator
PGC-1a [124]. This is done through the ability of parkin to degrade the parkin interacting
substrate (PARIS), which normally inhibits the activity of PGC-1a [124]. Stabilization
and activation of PGC-1a through the parkin-mediated degradation of PARIS leads to
activation of the transcription factors nuclear respiratory factor 1 and 2 (NRF1/2), which
will switch on mitochondrial probiogenesis factors such as mitochondrial transcription
factor A (TFAM) [125,126]. Loss of parkin function, which is the case in PARK2-related PD,
results in the accumulation of PARIS and, therefore, to sustained repression of PGC-1a
activity [127]. This will eventually lead to the inhibition of mitochondrial biogenesis.

Proteomic, structural, and functional analyses were applied in a recent study using
human isogenic iPSC-derived neurons with and without a PARK2 knockout (KO) [128].
This study identified dysregulation of several proteins in the PARK2 KO neurons that are
involved in oxidative stress, mitochondrial respiration and morphology, cell cycle control,
and cell viability [128]. Furthermore, the structural and functional analyses showed accu-
mulation of enlarged and elongated mitochondria, which is consistent with the function
of parkin in mitochondrial quality control [128]. These functions of parkin highlight its
pivotal role in the production and degradation of mitochondria as well as its essential
function in the ubiquitin-proteasome system.

Why has PARK2-related PD with its classical PD pathology and phenotypes not been
associated with Lewy body formation? In the following section, we will examine the
literature on post-mortem neuropathological investigations of PARK2 patients to provide
an overview of neuropathological findings.

4. Lewy Body Pathology in PARK2-Related PD

Homozygous and compound heterozygous mutations in the PARK2 gene are an
established cause of heritable EOPD [97]. In contrast, heterozygous missense mutations
may predispose to late-onset PD, which resembles sporadic PD, but it remains elusive how
and whether missense mutations in the parkin protein contribute to the pathophysiology
of PD [129,130]. Ambiguous results have been obtained when investigating Lewy body
pathology in post-mortem brain sections of PARK2 patients. Therefore, we performed a
comprehensive literature analysis to examine current knowledge, the results of which are
presented in Table 2.

Seventeen studies published from 1994 to 2018 have investigated post-mortem brain
sections from PARK2 patients with a focus on the neuropathology and Lewy body forma-
tion. Of the seventeen reported cases, fifteen were homozygous or compound heterozygous,
and the remaining two cases were heterozygous. The presence of Lewy bodies was reported
in eight cases (of which seven showed PARK?2 patients with typical Lewy bodies [131-137]
and one showed basophilic Lewy body-like inclusion bodies in the neuropils of the pedun-
culopontine nucleus in the mesencephalic reticular formation [138]), while ten cases had
no signs of Lewy body deposition [101,135,139-147]. Besides the presence of intraneuronal
Lewy bodies, nine of the seventeen post-mortem studies revealed the neuropathological
presence of tau pathology [101,133-135,137,142,143,146,147].



Cells 2021, 10, 283

9 of 30

The initial work connecting EOPD pathology to the PARK2 gene came from studies in
Japan [148]. The clinical features of EOPD such as early age of onset, parkinsonism with
diurnal fluctuation, good response towards Levodopa, dystonia, hyperreflexia, absence of
dementia, and a relatively benign disease course were first described by Yamamura et al.
in 1973 [149]. A screening program to identify the gene responsible for EOPD was initiated
in 1993 by the Department of Neurology at Juntendo University. In 1997, this screening
led to the identification of the gene locus 6q25.2-27 as being responsible for EOPD [150].
Finally, in 1998, Kitada et al. discovered the novel gene encoding parkin that was linked to
locus 6g25.2-27, and EOPD was later designated as PARK2 [81].

The first post-mortem brain section analysis with a focus on PARK2-mediated neu-
ropathology and Lewy body formation was reported by Yamamura et al. in 1993 [140,141].
The neuropathological analysis showed a highly depigmented SNpc and intense gliosis,
but no Lewy bodies were seen. Furthermore, a slightly decreased number of pigmented
neurons were observed in the ventral tegmental areas and locus coeruleus. However, no
pathology was observed in substantia nigra pars reticulata (SNpr), striatum, pallidum,
thalamus, nucleus basalis of Meynert, or raphe nuclei [140,141]. A year later, Takahashi
et al. showed similar neuropathological changes in EOPD patients [139]. Although the
connection between the gene locus and parkin was first discovered in 1998, the studies and
neuropathological findings from Yamamura et al. and Takahashi et al. are included in this
article as patients from both cases have been confirmed in later studies to be linked to the
6q25.2-27 locus [151].

Three post-mortem brain sections of PARK2 patients carrying a homozygous exon 4
deletion have been reported in the literature [101,142,145]. These patients developed PD
before the age of 40 years, and neuropathological investigations showed moderate to severe
loss of neurons in SNpc and locus coeruleus without Lewy body pathology. Neurofibrillary
tangles in the cerebral cortex and brainstem nuclei as well as tau pathology in hippocampus,
frontal, temporal, and parietal cortices, were observed in one of the studies [101].

Pathological examination of a Tunisian homozygous patient carrying a two-base
AG deletion in exon 2 was reported by Gouider-Khouja et al. in 2003 [144]. The patient
developed resting tremor at the age of 34 years and died at age 47. The brain autopsy
showed a moderate cell loss in SNpc with a corresponding gliosis. Neither Lewy bodies nor
tau or ubiquitin-positive inclusions were observed [144]. In addition to the homozygous
cases in which Lewy bodies were not detected, Van de Warrenburg et al. presented
a compound heterozygous case with an exon 6 K211N missense mutation and exon 3
deletion in 2001 [143]. Despite the early age of onset (18 years), the patient had a long
course of disease and died aged 75. The post-mortem examination showed loss of neurons
in both SNpc and the spinocerebellar system while tau pathology was reported in caudate
nucleus, putamen, subthalamic nucleus, and substantia nigra. However, no Lewy body
pathology was observed [143].

In 2001, Farrer et al. were the first to report classical Lewy body pathology with a
corresponding loss of neurons in SNpc and locus coeruleus in a compound heterozygous
PARK? patient with an exon 3 deletion and exon 7 R275W missense mutation [131]. In 2004,
Sasaki et al. reported a homozygous PARK?2 patient with an exon 3 deletion [138]. Patho-
logical investigation showed moderate to severe depletion of neurons in SNpc and a mild
depletion in locus coeruleus. Lewy body-like basophilic inclusions were observed in the
neuropils of the pedunculopontine nucleus in the mesencephalic reticular formation [138].
In 2005, Pramstaller et al. described a case from a large pedigree where the compound
heterozygous patient carried an exon 7 deletion and a deletion of nucleotide T1072 [132].
Neuropathological examination revealed the presence of a-synuclein-positive Lewy bodies
as well as the typical neuron depletion in SNpc and locus coeruleus. Ruffmann et al. [133]
in 2012 and Miyakawa et al. [134] in 2013 described two unusual PARK2-associated cases
with late onset. Ruffmann et al. described a heterozygous patient with an exon 7 R275W
missense mutation and onset at 62 years, whereas Miyakawa et al. described a homozygous
deletion of exon 2 to 4 with onset at 61 years. Ruffmann et al. found severe depletion
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of neurons from SNpc and locus coeruleus but numerous a-synuclein immunoreactive
Lewy bodies whose distribution throughout the brain was compatible with Braak stage
VI [133]. Miyakawa et al. also found severe depletion of neurons and the presence of Lewy
bodies in SNpc and locus coeruleus, but the distribution of Lewy bodies in the brain was
compatible with Braak stage IV [134]. These studies described the presence of pre-tangles
in subiculum, transentorhinal, and entorhinal cortex and tau pathology in the entorhinal
cortex [133,134].

Two subsequent studies were reported by Doherty et al. [135] and Selikhova et al. [136]
in 2013. Doherty et al. [135] presented five different compound heterozygous cases where
all showed moderate to severe loss of neurons in SNpc and mild to moderate loss of neurons
in locus coeruleus. Lewy body pathology was only observed in cases 3 and 5. Deposition
of hyperphosphorylated tau was also observed in case 3 and severe amyloid (ApB) diffuse
deposits were seen in case 1 and 4, whereas mild deposits were seen in case 5 [135]. The
genotype in cases 3 and 5 with the Lewy bodies was R275W /G430W and R275W /exon 6
deletion. Selikhova et al. reported a case with a compound heterozygous R275W mutation
and exon 6 deletion. Neuropathological examination revealed moderate loss of neurons
in SNpc with corresponding sparse Lewy body deposition in transentorhinal cortex and
cingulate gyrus [136]. The latest reported case with Lewy body pathology was by Sharp
et al. in 2014 [137]. This case carried a heterozygous exon 3-4 deletion, developed hand
tremor at the age of 44 years, memory loss at age 66, and died at age 76. The post-mortem
examination revealed severe loss of neurons in SNpc and the presence of classical Lewy
bodies in hippocampus, putamen, and ambient gyrus compatible with Braak stage VI.
There was mild occurrence of neuronal tangles (stage 1/6), but no A was observed [137].

In 2015, Cornejo-Olivas and colleagues reported a case in a Peruvian family with
EOPD that showed a novel splice site mutation in intron 5 (IVS5-1G>A) and an exon
7 deletion [146]. The autopsy revealed severe neuronal loss in SNpc and loss of tyro-
sine hydroxylase-positive fibers in the striatum, but neither Lewy body pathology nor
a-synuclein-positive inclusions were observed [146]. Neurofibrillary tangles compatible
with Braak stage Il were seen, however [146]. The most recent reported case of post-mortem
neuropathological changes in PARK2 patients was described by Johansen et al. in 2018 [147].
Their case carried a homozygous deletion of exon 3—4 that resulted in the development
of PD at the age of 20 years. The patient died at age 79, and the brain autopsy showed
severe neuronal loss and gliosis in SNpc with scanty tau pathology but no Lewy body
pathology [147].

Interpretation of these neuropathological examinations of PARK2 patients show highly
divergent findings. What could be the reason for these conflicting results, and what
hypothesis could support the observed findings? In the following section, we will try to
unravel the explanations for the neuropathological findings.

Table 2. Summary of post-mortem neuropathological findings from patients with various PARK2 mutations.

Lewy Body
References PARK?2 Genotype Age of Onset Age of Death Neuropathology Pathology
Loss of neurons and gliosis
[139] No details reported NA 67 in SNpc and locus No
coeruleus.
[140,141] Homozygous deletion 20 50 Loss of neurons in SNpc No
between exon 3 and 7. and gliosis.
Moderate loss of neurons in
SNpc and locus coeruleus.
Tau pathology in
[101] Homozygous exon 4 24 62 hippocampus and No

deletion.

neurofibrillary tangles in the
frontal, temporal, and
parietal cortices.
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Table 2. Cont.
References PARK2 Genotype Age of Onset Age of Death Neuropathology Lewy Body
Pathology
Loss of neurons and gliosis
Homozygous exon 4 in SNpc and locus coeruleus.
[142] deletion 32 70 Few Neurofibrillary tangles No
observed.
Exon 7 R275W missense Loss of neurons in SNpc
[131] mutation and exon 3 41 52 P Yes
. and locus coeruleus.
deletion
Loss of neurons in SNpc and
the spinocerebellar system.
Exon 6 K211N missense Taufact? olsogy ir;;aetrlldate
[143] mutation and exon 3 18 75 ucieus, pu ’ No
. subthalamic nucleus, and
deletion. ..
substantia nigra was
reported, but neurofibrillary
tangles were absent.
Homozygous two-base AG Loss of neurons in SNpc and
[144] deletion in exon 2 34 47 SNpr with astrocytic gliosis. No
Moderate to severe LB in the
Homozygous exon 3 depletion of neurons in edunculo-
[138] g0 33 70 SNpc and gliosis. Onlya ~ PSO™™
deletion . . pontine
mild decrease of neurons in
nucleus.
locus coeruleus.
. Reactive gliosis and loss of
[132] Exon7 delet19n + 11072 49 73 neurons in SNpc and locus Yes
deletion
coeruleus.
Homozyeous exon 4 Loss of neurons and gliosis
[145] y&o! 24 73 in SNpc and locus No
deletion
coeruleus.
Severe loss of neurons in
SNpc and locus coeruleus.
[133] Hetero;yggus R275W 62 80 Pre-tangles observed in Yes
mutation in exon 7. X .
subiculum, transentorhinal,
and entorhinal cortex.
A marked decrease in
Homozygous deletion of neurons of SNpc and locus
[134] 61 72 coeruleus. Tau pathology Yes
exon 2 to 4. .
was observed in the
entorhinal cortex.
Case I: R275W +exon 6 36 86 Moderate to severe loss of
deletion . .
Case 2: R275W 1136 5 5 neurons in SNpc in all cases )
[135] Case 3 R2755W+ pCEZ3 0:\'3/\15 32 20 and mild to moderate loss of ~ Only in case
c ase4'. Ga30D + 113 o 5 neurons in locus coeruleus. 3and5.
Cas < - RY7 W+ proliots 6 Hyperphosphorylated tau
ase 5: 5, +exon 6 46 82 deposition observed in case
deletion 3
Exon 7 R275W missense Moderate I ) £ neurons in
[136] mutation and exon 6 48 82 oderate 1oss of neuro Yes
. SNpc.
deletion
Severe loss of neurons in
[137] Heterozygogs exon 3—4 m 76 SNpc and locus cogrgleus. Yes
deletion. Presence of neurofibrillary
tangles.
Splice site mutation in Severe loss of neurons in
[146] intron 5 (IVS5-1G>A) and 16 60 SNpc. Neurofibrillary tangle No
exon 7 deletion. pathology was observed.
Homozygous deletion of Sfevgre. neuronal loss and
[147] 20 79 gliosis in SNpc. Scanty tau No

exon 3—4.

pathology was observed.
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4.1. What Could Be the Reason for the Ambiguous Post-Mortem Results?

A neuropathological diagnosis of PD requires two distinct pathological criteria. The
first is loss of neuromelanin-containing dopaminergic neurons in the SNpc with a corre-
sponding intact striatum, which is the projection target from the SNpc [152]. Secondly,
Lewy body pathology should be present [153,154]. Despite advanced methods for clinical
diagnosis and the current understanding of the pathophysiological intracellular mechanism
leading to PD, there is still a clinical-pathological discordance [155]. It has also become clear
that even with the same parkin genotype in patients from the same family, the correlation
between the clinical phenotype and the molecular pathology is inconsistent [156].

Examination of the post-mortem brain studies presented in Table 2 indicates that
although PARK2-mediated PD is not thought to be associated with Lewy body pathology,
8 of 17 cases (corresponding to 47%) reported classical Lewy body pathology [131-137]
despite one of the cases reporting Lewy body-like inclusions [138]. What could be the
reason for this disparity in the observation of Lewy body pathology between the post-
mortem studies? Several hypotheses have been stated in the literature related to Lewy
bodies in PARK2-related PD. One possibility is that the Lewy bodies observed in post-
mortem studies represent incidental Lewy body pathology as they are frequently found
in healthy older individuals [157-159]. Secondly, patients with late disease onset might
have a dysfunctional protein clearance system to remove dysfunctional and accumulated
proteins [160]. A third possibility is that some parkin mutations might result in residual
parkin activity, leading to an increased probability of Lewy body formation [135,160].

It is noteworthy that the 10 Lewy body-negative cases presented in Table 2 had a
lower mean age of disease onset (25.5 years) than the eight cases with PARK2-related
a-synuclein and Lewy body pathology (mean 46.3 years). Thus, PARK2 patients with
Lewy body pathology were on average 21 years older at disease onset. Furthermore, the
comprehensive literature review did not reveal any PARK2 cases of juvenile-onset with
post-mortem observations of Lewy body pathology. The hypothesis proposed by Doherty
and Hardy may be correct, therefore—that PARK2 patients with younger age of onset may
have a more effective protein clearing system or a different mechanism for dealing with
abnormal accumulated proteins [160]. This would result in post-mortem neuropathological
findings of neuronal loss and gliosis but no Lewy bodies, which is consistent with the
literature.

A particularly intriguing finding is that four of the eight cases with Lewy body pathol-
ogy were heterozygous or compound heterozygous patients with the R275W missense
mutation [131,133,135,136]. Furthermore, the presence of the mutation seems to be asso-
ciated with later disease onset [135]. The R275W mutation is located within the RING
finger 1 domain of the parkin protein (see Figure 2A), which normally mediates protein-
protein interactions with ubiquitination-associated E2-conjugating proteins UbcH7 and
UbcHS [161]. The R275W mutation has been shown to preserve the E3 ligase activity of
parkin and thereby the ability to ubiquitylate substrate proteins [162], and to produce
cytoplasmic and nuclear aggresomes [163].

The reported cases of Lewy body pathology in PARK2-associated PD might thus be
due to residual E3 ligase activity of parkin and the ability of the protein to ubiquitylate
substrate proteins that contribute to Lewy body formation. Exon deletions in parkin that
result in a total loss of its RING finger 1 domain function lead to its inability to ubiquitylate
substrate proteins and to form Lewy bodies [129].

It could be speculated whether the partial loss of function by the R275W mutation
explain a later age of disease onset and the observation of Lewy bodies, whereas exon
deletions causing total loss of function explain an earlier age of disease onset and the lack
of Lewy bodjies, both of which are consistent with the literature.

4.2. Are Lewy Bodies Neuroprotective or Not?

As the clinical-pathological expression of PD symptoms does not seem to be de-
pendent on Lewy body formation [164], it has been proposed that the presence of Lewy
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bodies might be an epiphenomenon rather than a primary event in the PARK2-related PD
pathogenesis [97]. Several cell culture studies have shown the involvement of parkin in
the formation of aggresome-like inclusions through K63-linked ubiquitylation of proteins
in Lewy bodies [165-168]. These findings are consistent with the previously presented
hypothesis that specific missense mutations, such as R275W that leads to residual parkin
activity, can increase the probability of Lewy body formation whereas exon deletion causing
total loss of parkin function leads to lack of Lewy body formation.

The conversion of a-synuclein monomers to toxic oligomers and fibrils is accelerated
by PTMs such as pSer129 [169]. In fact, 90% of the total a-synuclein in Lewy bodies is
phosphorylated at serine 129, whereas only 5% of a-synuclein in non-diseased brains
contains the similar PTM [43,170,171]. Since normally functioning parkin seems to be
required for the development of Lewy body pathology, it has been postulated that the
parkin-mediated inclusion formation is a neuroprotective effect to circumvent a-synuclein
release to the extracellular space and thus to prevent the spreading of pSer129 a-synuclein
fibrils to interconnected neurons [58,59,172-175]. In line with this hypothesis, three con-
ceptual frameworks of protein aggregation as an underlying mechanism in PD have been
described by Alberto J. Espay and colleagues [176]. First, accumulation of a-synuclein
could enhance other pathogenic mechanisms leading to neurodegeneration. Secondly, the
protein aggregates could be byproducts caused by several pathogenic mechanisms and
that the aggregates themselves neither have a pathogenic or a protective role. Thirdly, the
sequestration of toxic soluble protein aggregates into insoluble forms could be a neuropro-
tective mechanism to circumvent neuronal and synaptic dysfunction, thereby, delaying the
neurodegenerative process and allow the neuron to function for decades before becoming
too overwhelmed [176]. However, it remains to be determined whether the formation of
Lewy bodies is neuroprotective or not.

5. The Functional Interaction between Parkin and a-Synuclein
5.1. Parkin Influences Posttranslational Modifications of x-Synuclein

a-synuclein undergoes extensive PTMs including phosphorylation, ubiquitination,
truncation, and nitration, and many of these have been identified in Lewy bodies, suggest-
ing that these modifications might be necessary and play a primary role in a-synuclein
aggregation and neurotoxicity [177]. The disparity in the percentage of pSer129 a-synuclein
between brains of PD patients and those of healthy controls suggests a tight regulation
under physiological conditions and that the phosphorylation of serine 129 of a-synuclein
occurs in conjunction with dopaminergic neuronal cell death in PD [43,170,171]. Ad-
ditionally, there is growing interest in pSer129 a-synuclein due to its marked accumu-
lation in the brains of PD patients and patients with synucleinopathies [170,171]. The
protein phosphatase 2A (PP2A) and polo-like kinase 2 (PLK2) are major regulators of
pSer129 a-synuclein. PP2A is a major serine/threonine phosphatase in the brain and
is composed of a catalytic C-subunit, a scaffold-like A subunit, and different regulatory
B-subunits that confer substrate specificity [178]. Specifically, the B55x-containing iso-
form of PP2A has been shown to be the major enzyme that dephosphorylates pSer129
x-synuclein [179]. The methylation status of the catalytic C-subunit, which is regulated
by leucine carboxyl methyltransferase-1 (LCMT-1)-mediated methylation and protein
phosphatase methylesterase-1 (PME-1)-mediated demethylation, specifies the activity of
PP2A [180,181]. In 2010, Khandelwal and colleagues investigated the in vivo effect of
parkin expression on a-synuclein aggregation and pSer129 a-synuclein, using a Lentiviral-
mediated gene transfer model [182]. The Lentiviral-mediated expression of a-synuclein
resulted in cell death and inflammation as well as increased expression of PLK2 and glyco-
gen synthase kinase 38 (GSK3p), thereby increasing the phosphorylation of a-synuclein
and tau, respectively [182]. Interestingly, parkin expression attenuated cell death and
inflammation, decreased the levels of PLK2 and GSK3p, and increased the expression
of PP2A, leading to decreased levels of pSer129 a-synuclein and phosphorylated tau
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(Figure 3) [182]. This study clearly shows the essential physiological function of parkin to
counteract a-synuclein toxicity and tau hyperphosphorylation.
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Figure 3. Functional interaction between x-synuclein and parkin in protein aggregation. Parkin can prevent protein aggre-
gation and neurofibrillary tangles through its activation of PP2A. PP2A is able to dephosphorylate both pSer262/396/404
tau and pSer129 x-synuclein, thereby attenuating the formation of toxic oligomers and eventually Lewy bodies and
neurofibrillary tangles. Parkin is also able to inhibit the activity of PLK2 that normally phosphorylates x-synuclein on
serine 129. Inhibition of MAO-B by parkin results in decreased oxidative stress and decreased formation of Tyr39 nitrated
a-synuclein and oligomer formation. Parkin and a-synuclein have opposite functions regarding the activity of the major
kinase GSK3f that phosphorylates tau. The phosphorylation of GSK3f at Tyr216 is dependent on «-synuclein, whereas its
dephosphorylation is indirectly regulated by parkin. Created with BioRender.com.

In 2016, Park et al. investigated the levels of the PP2A methylating enzyme LCMT-1
and demethylating enzyme PME-1 in post-mortem brains of PD patients [179]. The study
demonstrated a significant reduction in the level of LCMT-1 and a significant increase
in the level of PME-1 in PD patients and dementia with Lewy bodies (DLB) patients
compared to healthy controls, thereby showing decreased activity of PP2A in diseased
brains [179]. Furthermore, the methylated to demethylated PP2A ratio was decreased
despite no changes in the total amount of PP2A, or the substrate specificity conferring B55x
isoform was observed [179]. It remains to be determined, however, what neuroprotective
effect parkin might have through potential changes in the levels of LCMT-1 and PME-1.
This is essential to our understanding of the molecular mechanisms underlying a-synuclein
pathology in PARK2-related PD.

Besides undergoing phosphorylation as a potential part of the PD pathogenesis, a-
synuclein can also undergo nitration on all four tyrosine residues (Tyr39, Tyr125, Tyr133,
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and Tyr136)[183]. The neuroinflammation in PD is accompanied by a nitric oxide synthase
(NOS)-mediated increased production of nitric oxide (NO). The overexpression of NOS
also leads to nitration of a-synuclein and the formation of toxic oligomers in neurons
(Figure 3) [184], and nitrated a-synuclein has been observed in Lewy bodies of synucle-
inopathies including PD [185]. Furthermore, the overexpression of monoamine oxidase B
(MAO-B) resulted in a nine-fold increase in 3-nitrotyrosine at Tyr39 of a-synuclein, leading
to its oligomerization [186]. Jiang et al. demonstrated in 2006 that parkin suppresses the
transcription and expression of MAO-B [187]. Later, in 2012 [188], they used iPSC-derived
patient-specific midbrain dopaminergic neurons to investigate the connection between
parkin and MAO-B expression. Upon loss of parkin, they observed increased transcription
of MAO-B and correspondingly increased oxidative stress, whereas the lentiviral-mediated
expression of wild type parkin was able to lower the expression and activity of MAO-
B [188]. This clearly shows the essential function of parkin in preventing a-synuclein
nitration, oligomerization, and oxidative stress through reduced MAO-B activity.

5.2. Parkin Function in a-Synuclein-Mediated Tau Pathology

The accumulation of aggregated a-synuclein in Lewy bodies is the neuropathological
hallmark of PD and DLB, whereas the accumulation of aggregated microtubule-associated
tau in neurofibrillary tangles is a common feature of Alzheimer’s disease and frontotem-
poral dementia [189]. Although these two distinct proteins contribute to two different
neurodegenerative diseases, there is increasing interest in their potential interaction and mu-
tual aggregation-mediated modulation, which might be an underlying disease-accelerating
molecular mechanism in PD [190]. The first experimental evidence leading to the hy-
pothesis linking a-synuclein and tau in a common pathological molecular mechanism
was the observation of phosphorylated tau and a-synuclein in neurofibrillary tangles
and Lewy bodies in patients with PD and DLB [191,192]. Since then, several lines of
evidence have strengthened the hypothesis of a mutual molecular interaction. It has
been shown that a-synuclein stimulates the protein kinase A (PKA)-mediated serine 262
(Ser262) phosphorylation of tau that is located in the microtubule-binding region, result-
ing in microtubule destabilization and neurotoxicity [193,194]. Additionally, a cellular
model using 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) showed that the levels
of a-synuclein, rather than the neurotoxic effect of MPTP, were pivotal for the amount of
phosphorylated Ser262 [195]. MPTP exerts its neurotoxic effect first by being taken up by
astrocytes and converted to the toxic metabolite MPP+ by MAO-B. MPP+ is a substrate for
the dopamine transporter leading to the selective degeneration of dopaminergic neurons.
Accumulation of MPP+ in dopaminergic neurons result in oxidative stress through inhibi-
tion of complex I respiration in mitochondria [196]. GSK3p, in particular, has been shown
to be a key protein in the hyperphosphorylation of tau at residue Ser262, Ser396, and Ser404
in an a-synuclein-dependent manner (Figure 3) [197]. This effect seems to be partly due to
increased GSK3p kinase activity. Interestingly, Duka et al. [197] revealed that a tyrosine 216
(Tyr216)-dependent phosphorylation of GSK3 was necessary for its activation and that
the phosphorylation of GSK3p at Tyr216 and subsequent hyperphosphorylation of tau at
Ser262, Ser396, and Ser404 by GSK3 was dependent on a-synuclein [197].

Hyperphosphorylation of tau at Ser262, Ser396, and Ser404 has been shown to be atten-
uated by the PD-associated parkin protein in several studies [182,198] through decreased
phosphorylation of GSK3p at the activation-associated Tyr216 leading to its inhibition [198].
Furthermore, the decrease in tau phosphorylation was dependent on the presence of intra-
cellular a-synuclein [198]. This observation was supported in a study by Khandelwal and
colleagues, who also reported that activation of PP2A by parkin resulted in the dephos-
phorylation of tau [182]. However, it still remains to be determined how parkin affects the
activity of PP2A and GSK38.

The presented studies suggest a link between a-synuclen, tau, GSK38, PP2A, PLK2,
and parkin as an underlying disease mechanism in PARK2-related PD. These studies
also demonstrate an essential and neuroprotective function of parkin in a-synuclein and
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tau pathology. The loss of parkin and its neuroprotective function in PARK2-related
PD might potentially result in protein misfolding, accumulation, and aggregation. The
hypotheses that parkin activity is required for Lewy body formation but prevents a-
synuclein misfolding and aggregation may, at first sight, seem contradictory. However, this
inconsistency will be accounted for in later sections.

5.3. The Regulation of Apoptosis by Parkin and a-Synuclein

One of the neuropathological criteria in the diagnosis of PD is the selective loss of
dopaminergic neurons in the SNpc. Having accounted for potential mechanisms in the
regulation of protein aggregation in PARK2-related PD, we will now describe possible
mechanisms leading to cell death upon loss of parkin function. The main mechanism of
dopaminergic neuronal loss in PD resembles apoptosis with the identification of apoptotic
chromatin changes and DNA fragmentation in post-mortem studies [199,200]. Elevated
levels of caspase 1, 3, 8, and 9 upon neuronal loss in the SNpc of PD patients is also
seen [201-203]. Interestingly, parkin can prevent the activation of caspase 3 in a p53-
dependent way, and ChIP experiments have shown that parkin physically interacts with
the p53 promoter, leading to lowered p53 mRNA and protein levels [204]. Parkin thus
functions as a p53 transcriptional repressor, and parkin mutations resulting in its loss of
function increase the expression of p53. Under physiological conditions, «. -synuclein
will down-regulate p53, thereby preventing initiation of apoptosis [205]. However, a-
synuclein aggregation seen in PD leads to its inability to inhibit p53, which will enhance p53
expression and potentially lead to cell death [205]. Overexpression of a-synuclein leads to
attenuation of NF«B activation in a dose-dependent manner, downregulates the expression
of the anti-apoptotic factor Bcl-2, and upregulates GSK38 levels [206]. GSK3 contributes
to cell death through its regulation of the anti-apoptotic proteins Bcl-2 and Mcl-1 and the
pro-apoptotic protein Bax [207]. Activation of GSK3p has been shown to upregulate and
phosphorylate Bax at serine 163, which facilitate its mitochondrial localization [208,209].
Furthermore, GSK38 phosphorylates Mcl-1 at serine 159, leading to its ubiquitylation
and degradation [210]. Taken together, the a-synuclein-mediated activation of GSK3p
leads to an increased Bax-mediated pore formation in the mitochondrial membrane and
sequestering Bcl-2, which results in the release of cytochrome c to the cytosol. Once in the
cytosol, cytochrome c binds Apaf-1, which activates procaspase 9 that further activates
downstream executioner caspases that initiate the apoptotic process [207,211].

As described in this review, parkin is able to decrease the expression and activity of
GSK3p [182,198]. Thus, the loss of parkin function in PARK2-related PD might not only
promote protein aggregation but also contribute to apoptosis-mediated cell death. Further-
more, GSK3 seems to play a pivotal role in the regulation of both protein aggregation and
cell death, a mechanism that might be central in PD with a loss of parkin function.

5.4. Micro-Aggregates Instead of Lewy Bodies?

The pivotal role of parkin as an E3-ubiquitin ligase that mediates protein degrada-
tion through the proteasome or autophagic system might suggest an essential function
in the clearance of aggregated and misfolded proteins. In fact, a dysfunctional protea-
some system that leads to accumulation and aggregation of intracellular proteins such
as Ap, tau, and a-synuclein could be the mechanism interconnecting neurodegenerative
diseases [190]. Several different studies have shown that protection from overexpres-
sion of a-synuclein, tau, and AB as well as proteasome inhibition can be mediated by
parkin [182,198,212]. Furthermore, parkin overexpression can lead to increased activity of
proteasomal enzymes [213]. Proteasomal inhibition resulted in the formation of cytoplas-
mic noncytotoxic inclusions, however, even in cells overexpressing parkin, which could
suggest a proteasomal-dependent activity of parkin [214]. These studies demonstrate an
essential function of parkin to increase the proteasome system and degrade misfolded and
aggregated proteins. Due to the presence of ubiquitylated a-synuclein in Lewy bodies, it
was suggested that there might be a direct interaction between parkin and a-synuclein
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in the formation of Lewy bodies and potentially the degradation of a-synuclein by the
proteasome system [215]. However, only O-glycosylated a-synuclein has shown to be a
parkin substrate [216]. It is evident that parkin indirectly affects a-synuclein aggregation
and accumulation, which might attenuate a-synuclein-mediated toxicity. In the following
section, we present a comprehensive literature review of investigations into the effect
of parkin overexpression or deletion on a-synuclein toxicity in primary cell culture or
animal models (see Table 3). When comparing the hypotheses, (1) Lewy body formation
is dependent on parkin activity or residual parkin activity as described for the clinical
observations (Table 2) and (2) parkin prevents a-synuclein misfolding and aggregation as
described earlier, the two mechanisms may, at first sight, seem contradictory. Interconnect-
ing the hypotheses might be needed to explain both the clinical and cellular observations.
Fifteen studies published from 2002 to 2019 have investigated how either parkin depletion
or overexpression affects a-synuclein toxicity. Of the fifteen studies, eleven showed a
functional interaction between parkin and a-synuclein [182,217-226], and four studies did
not [227-230]. An in vitro study by Petrucelli et al. in 2002 investigated whether parkin
overexpression would be neuroprotective in a primary cell culture overexpressing mutated
«-synuclein [217]. They showed that the toxicity associated with overexpression of mutated
a-synuclein, which could be mimicked by proteasome inhibition, could be mitigated by
overexpression of parkin. Interestingly, no neuroprotection was observed when they used
R42P mutated parkin (which lacks ubiquitination activity) [217]. A year later, Goldberg
and colleagues generated a mouse model with a germline disruption in parkin [227]. These
PARK2~/~ mice exhibited an increased extracellular concentration of dopamine in the
striatum due to increased release, but no decrease in dopaminergic neurons in SNpc was
observed. Furthermore, quantification of CD-Crel-1, synphilin-1, and a-synuclein did not
show increased amounts of these proteins, suggesting that accumulation and aggregation
of a-synuclein do not occur in PARK2~/~ mice [227]. Two other studies by Lorenzetti et al.
in 2004 [228] and Ko et al. in 2005 [229] quantified wild-type a-synuclein in PARK2~/~
mice, consistent with the results from Goldberg and colleagues. Lorenzetti et al. generated
a mouse mutant quaking"?P!¢ (gk¥) model and concluded that the parkin gene and the
parkin co-regulator gene (pacrg) were located in the deleted interval [228], whereas Ko
et al. generated a parkin exon 7 null mouse model [229]. Lorenzetti et al. observed no
loss of neurons in SNpc, which is consistent with results obtained by Goldberg et al. but
inconsistent with neuropathological observations in EOPD-associated PARK2 patients. No
accumulation of a-synuclein was observed in the studies by Lorenzetti et al. [228] and
Ko et al. [229].

Using Drosophila melanogaster as the organism, three of the fifteen studies investigated
a possible functional interaction between parkin and a-synuclein [218,219,222]. In 2003,
the study by Yang et al. demonstrated that the co-expression of parkin resulted in the
attenuation of A53T and A30P mutated a-synuclein toxicity in Drosophila melanogaster [218].
In 2004 and 2006, two studies by Haywood et al. showed that wild-type or A30P mutated
a-synuclein-induced loss of climbing ability of Drosophila melanogaster could be suppressed
by the co-expression of parkin [219,222].

Three of the fifteen studies investigated the ameliorative effect of parkin on x-synuclein-
induced toxicity in a rat model; two studies used a lentiviral gene delivery system [182,220]
and one used the recombinant adeno-associated viral (rAAV) vector system [221]. Dis-
crepancies were seen in the results from Lo Bianco et al. in 2004 [220] and Khandelwal
et al. in 2010 [182], both of which used a lentiviral gene delivery system. Lo Bianco et al.
reported that the lentiviral-mediated overexpression of parkin mitigated A30P-mutated
x-synuclein-induced toxicity and also preserved tyrosine hydroxylase positive cells in the
SNpc. This observation was supplemented with the detection of an increased amount of
pSer129 a-synuclein in the presence of parkin compared to the amount in rats injected
only with A30P-mutated a-synuclein [220]. Khandelwal et al. reported that the lentiviral-
mediated overexpression of parkin mitigated the toxicity caused by overexpression of
wild-type a-synuclein. However, in contrast to Lo Bianco et al. they found a decreased
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amount of pSer129 a-synuclein as well as attenuation of cell death and inflammation upon
overexpression of parkin [182]. Supplementary analysis revealed that the overexpression
of parkin increased the activity of PP2A and decreased the levels and activity of PLK2
and GSK3p, respectively [182]. The ameliorative effect of rAAV vector-mediated parkin
overexpression on a-synuclein-induced toxicity was verified in the study by Yamada et al.
in 2005 [221].

In 2006, Von Coelln et al. [230] analyzed transgenic parkin null mice overexpressing
human A53T-mutated a-synuclein. Surprisingly, this showed that parkin deficiency did
not impact the age-dependent progression of the neurodegenerative phenotype or the
ubiquitination, processing, or solubility of a-synuclein in the transgenic mice [230]. Another
unexpected relationship between parkin and a-synuclein was reported in 2009 by Fournier
et al. [224] in a study using transgenic parkin null mice overexpressing A30P-mutated
x-synuclein. They observed delayed motor impairment and a decreased proportion of
pSer129-containing neurons upon parkin deficiency in the transgenic mice [224]. Another
investigation of the effect of loss of parkin function on a-synuclein-induced toxicity was
performed by Van Rompuy et al. in 2015 [225]. They observed no difference in loss of
dopaminergic neurons and increased proportion of pSer129 a-synuclein (total a-synuclein
was unchanged) in SNpc upon rAAV vector-mediated overexpression of human wild-type
x-synuclein [225]. Similar results were obtained by Yasuda et al. in 2007 [223] using rAAV
vector-mediated overexpression of human wild-type a-synuclein and parkin in Macaque
monkeys. Co-expression of parkin resulted in attenuation of a-synuclein aggregation
and decreased amount of pSer129 a-synuclein [223]. The most recent investigation of
the functional interaction between parkin and a-synuclein was by Wilkaniec et al. in
2019 [226]. Using rat pheochromocytoma (PC12) cells with parkin overexpression or parkin
knock-down, they found that overexpression of parkin attenuated extracellular a-synuclein
oligomer-induced toxicity [226].

Although the post-mortem neuropathological examinations of PARK2 patients are
ambiguous regarding the presence of Lewy body pathology, the findings of a functional
interaction between parkin and a-synuclein seem highly consistent. Having described
the functions of parkin in the modulation of a-synuclein accumulation, PTM-mediated
aggregation, and attenuation of a-synuclein-mediated toxicity, we hypothesize that «-
synuclein aggregation leading to the formation of intracellular micro-aggregates might
be an underlying intracellular pathogenic mechanism in PARK2-related PD that is more
common than the formation of Lewy bodies. Better understanding of this potential protein
aggregation mechanism might reveal how PD could be molecularly interconnected to other
neurodegenerative diseases.

Table 3. Summary of experiments investigating parkin function on a-synuclein-induced toxicity in vivo and in vitro.

References Method Organism Finding Parkin and «
Overexpression of parkin with Primary cell Increased parkin expression can
[217] A53T and A30P mutated n yr mitigate mutated a-synuclein Yes
a-synuclein cutture induced toxicity.
Quantification of wild-type No loss of nigral dopaminergic
[227] a-synuclein pathology in Mouse model neurons and no accumulation of No
parkin™/~ mice a-synuclein.
Co-expression of parkin with Increased parkin expression can
[218] A53T, A30P, or wild-type Drosophila melanogaster mitigate mutated a-synuclein Yes
a-synuclein induced toxicity.
Co-expression of parkin with Increased parkin expression can
[219] . . Drosophila melanogaster suppress a-synuclein-induced Yes
wild-type a-synuclein. 1 ¢ climbi bilit
oss of climbing ability.
Quantification of wild-type . No loss of dopaminergic
[228] a-synuclein pathology in Mouse mutant quaking neurons and no accumulation of No

parkin~—/~ mice

(viable) model -
a-synuclein.
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Table 3. Cont.

References Method Organism Finding Parkin and «
Overexpression of wild-type rat Increased parkin expression can
[220] parkin w'1th h'uman A3QP Rat model 51gn1flcan't1y' reduce Yes
a-synuclein using lentiviral a-synuclein-induced
vector delivery. neuropathology.
Quantification of wild-type
[229] a-synuclein pathology in Mouse model No accumulation of #-synuclein. No
parkin™/~ mice
Overexpression of human . .
wild-type a-synuclein and Increased parkin expression can
[221] . . Rat model mitigate a-synuclein induced Yes
human parkin in the substantia toxicit
nigra in rats using rAAV vector Y-
Co-expression of parkin with Increased expression of parkin
[222] P par Drosophila melanogaster could counteract the effect of Yes
A30P a-synuclein. .
A30P mutated a-synuclein.
Overexpression of human A53T .
[230] a-synuclein and deletion of Mouse model No effect of loss of parkin on No
. neuropathology.
parkin.
Overexpression of parkin was
[223] Co—e)fpressmn of parklr} with Macaque monkeys. assogated with less. Yes
wild-type a-synuclein. accumulation of a-synuclein an
1d-typ ynucl 1 f a-synucl d
phosphorylation at S129.
A transgenic mouse model A lower amount of pSer129
[224] expressing human A30P Mouse model a-synuclein in parkin*/ ~ mice Yes
a-synuclein and no parkin. compared with parkin+/ * mice.
Increased expression of parkin
Co-expression of parkin with resulted in a decreased
[182] wifd—type oc—sy};uclein. Sprague Dawley rats expression of pSer87 and Yes
pSer129 a-synuclein.
Overexpression of human Increased pSer129 a-synuclein
[225] w1ld—type a—syr}uslﬁzin by rAAV Mouse model but no lo.ss of dgpamlnerglc Yes
vectors in parkin and wild neurons in parkin knockout
type mice. mice.
Addition of exogenous . .
L. . Parkin overexpression protected
a-synuclein oligomers in a Rat .
. . against the extracellular
[226] primary cell culture with a pheochromocytoma w-svnuclein olicomer-mediated Yes
parkin knock-down or (PC12) cells 4 &

overexpression.

toxicity.

6. Concluding Remarks and Future Directions

Twenty-two years have passed since Kitada et al. discovered in 1998 the causative

parkin gene responsible for EOPD that was designated as PARK2 [81]. Since then, numerous
research articles have been published to elucidate the molecular mechanisms underlying
PARK2-related PD [151]. The pivotal role of parkin as an E3-ubiquitin ligase involves
its function in the clearance of misfolded and aggregated proteins by the proteasome
system [231], its regulation of mitophagy [115,232] and mitochondrial biogenesis [233]
to prevent mitochondrial dysfunction, and its direct and indirect functions to prevent
oxidative stress (Figure 2B) [187,234]. The molecular mechanisms underlying PARK2-
related PD are complex and involve multiple processes that remain to be determined.
Research is needed to understand the dysfunctional intracellular signaling processes as
this will initiate the development of novel therapeutic treatments.

Homozygous and compound heterozygous mutations in the PARK2 gene that cause
early-onset heritable ARPD are generally thought not to be associated with Lewy body
formation. As presented in Table 2, eight of the seventeen post-mortem neuropathological
examinations of PARK2 patients revealed the presence of Lewy bodies, and the R275W
mutation was present in four of these cases. The R275W mutation has been shown to cause
residual parkin activity, however, suggesting that the parkin function is essential in the
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formation of Lewy bodies. We hypothesize that the loss of parkin function in PARK2-related
PD may result in an ongoing process with the formation of toxic a-synuclein oligomers
and fibrils that disrupts numerous intracellular signaling processes. The loss of parkin also
abolishes the formation of Lewy bodies, which could potentially be neuroprotective. Micro-
aggregates will continue to be formed, however, leading to severe loss of dopaminergic
neurons without the formation of Lewy bodies.

Due to the presence of Lewy bodies in SNpc and locus coeruleus, where extensive
neuronal loss is observed in PD, it has been considered that Lewy bodies are related
to the neurodegenerative process. Furthermore, the number of Lewy bodies correlates
with the severity of neuronal loss [235]. It should be kept in mind, however, that the
observation of Lewy bodies in dying neurons does not necessarily mean they are mediators
of the lethal effect as they could just be the product of a pathological process [236]. The
parkin-mediated formation of Lewy bodies could be a neuroprotective mechanism to
prevent the spreading and seeding of toxic pSer129 a-synuclein oligomers and fibrils
to interconnected neurons and other brain regions. An indirect functional interaction
between parkin and a-synuclein seems to exist in the formation of pSer129 phosphorylated
«-synuclein and eventually oligomers, fibrils, and potentially Lewy bodies as their opposite
regulation in the formation of hyperphosphorylated tau and eventually the formation of
neurofibrillary tangles (Figure 3). The second neuropathological criterion for a diagnosis
of PD, which is the presence of Lewy bodies, does not seem to be very specific or of
diagnostic value as Lewy bodies have been identified in other neurodegenerative diseases
such as Alzheimer’s disease and in brains of healthy older individuals. Based on the
presented theory of an indirect functional interaction between parkin and a-synuclein, it
seems more reasonable that proteinaceous micro-aggregates or intermediate species in
the aggregation process occur, rather than Lewy body formation, in PARK2-related PD
with a total loss of parkin function. This process is likely to involve the PTM-regulating
kinases, PLK-2 and GSK3p, as well as the phosphatase PP2A. The loss of parkin function,
which potentially leads to increased activity of PLK-2, GSK38, and MAOB and decreased
activity of PP2A, might create a self-fueling vicious cycle that results in oxidative stress,
nitration, and hyperphosphorylation of a-synuclein and tau creating toxic oligomers and
fibrils that disrupt cellular homeostasis (Figure 3). How parkin promotes the formation of
Lewy bodies in the final step from oligomers and fibrils remains to be determined, however.
The fact that parkin is part of the ubiquitin-proteasome system strengthens the hypothesis
that a dysfunctional proteasome system resulting in protein aggregation contributes to
PARK2-related PD [237].

Accumulating evidence in recent years suggests that parkin dysfunction might be
involved in the pathogenesis of other neurodegenerative diseases such as Alzheimer’s
disease [238]. As stated earlier, parkin protects against overexpression of a-synuclein, tau,
AP, and proteasome inhibition [182,198,212]. Moreover, as presented in Table 2, nine of the
seventeen post-mortem neuropathological studies revealed the presence of tau pathology
and/or neurofibrillary tangles, clearly suggesting that loss of parkin function precipitates
tau pathology [101,133-135,137,142,143,146,147]. Indeed, parkin null mice accumulated
high levels of tau [239], and overexpression of parkin in APP/PS1 transgenic mice improved
hippocampal long-term potentiation and decreased Ap load and inflammation [240].

It is evident that dysfunctional molecular pathways involving parkin may be rele-
vant to other neurodegenerative diseases such as Alzheimer’s disease. Discovering the
pathological intracellular signaling processes in PARK2-related PD, with a focus on parkin
and a-synuclein, might unveil related dysfunctional pathways where impaired protein
clearance systems and imbalances in protein PTMs leading to protein misfolding and
aggregation might be a common denominator.
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