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Parkinson disease is the second most common neurodegenerative disorder, affecting 0.1-0.2% of the gener-
al population. It is a progressive debilitating disorder caused by degeneration of dopaminergic neurons in the
substantia nigra pars compacta. It is characterized by motor and non-motor symptoms. Parkinson disease can
be caused by mutations in genes that encode proteins involved in the autophagic process, resulting in im-
paired autophagy. Indeed, autophagy has been implicated in the pathogenesis of Parkinson disease, particu-
larly because its impairment causes the buildup of proteins. Thus, this review aims to provide an overview of
Parkinson disease-related genetic mutations and their association with autophagy impairment in Parkinson
disease, which can be helpful in improving the understanding of the pathogenesis of Parkinson disease, il-
lustrating the potential therapeutic implications of agents that can enhance autophagy in Parkinson disease.
Additionally, we will highlight the essential need for the development of highly sensitive and specific assays
for gene-based diagnostic biomarkers. Finally, we will provide an overview on the potential gene-based ther-
apeutic approaches for Parkinson disease, which have been most advanced and are associated with the most
common targets being alpha-synuclein (SNCA), leucine-rich repeat kinase-2 (LRRK2), and glucocerebrosidase
(GBA).
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Background

Parkinson disease is the second most common neurodegenera-
tive disorder, affecting 0.1-0.2% of the general population [1,2].
Its prevalence increases with age, affecting 1% and 4% of individ-
uals who are older than 60 years and 80 years, respectively [1,3].

Parkinson disease is a progressive disorder caused by degen-
eration of dopaminergic neurons in the substantia nigra pars
compacta [4-8]. It is characterized by motor and non-motor
symptoms [1]. Non-motor symptoms often precede the motor
symptoms [1]. Chief motor symptoms characteristic of Parkinson
disease are at-rest tremor, bradykinesia, rigidity, and postural
instability [1,9]. Thus, Parkinson disease is a debilitating dis-
order that can have a serious impact on the quality of life [1].

Parkinson disease can be either familial or sporadic [10].
Familial Parkinson disease cases are due to autosomal domi-
nant and autosomal recessive mutations [10]. Parkinson dis-
ease is characterized by the presence of Lewy bodies, which
are aggregated protein inclusions that contain a-synuclein as
their main constituent [6].

Autophagy is a form of programmed cell death that is required
for the turnover of long-lived organelles and elimination of im-
paired proteins [11]. Impaired autophagy has been shown to
be involved in the pathogenesis of Parkinson disease, since it
can lead to disrupted elimination of a-synuclein, resulting in
its build up and subsequent misfolding [12,13]. Consequently,
misfolded a-synuclein can participate in the formation of Lewy
bodies, which are considered as the pathological hallmark in
Parkinson disease [14,15].

Thus, this article aims to review the process of autophagy and
its role in Parkinson disease, illustrating its association with
the various genetic mutations of Parkinson disease, and high-
lighting its potential therapeutic implications in Parkinson dis-
ease. It also aims to highlight the essential need for develop-
ment of highly sensitive and specific assays for gene-based
diagnostic biomarkers, and to provide an overview on the
most advanced gene-based potential therapeutic approach-
es for Parkinson disease, which are associated with the most
common targets: alpha-synuclein (SNCA), leucine-rich repeat
kinase-2 (LRRK2), and glucocerebrosidase (GBA).

Autophagy

Autophagy is physiologically involved in many biological pro-
cesses, such as organelle turnover and intracellular homeosta-
sis [16-18]. Pathologically, autophagic activity is altered and it is
consequently involved in the pathogenesis of diseases, such as
neurodegenerative diseases, including Parkinson disease [19].
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Autophagy is classified into three types, which are: macroau-
tophagy, microautophagy, and chaperone-mediated autopha-
gy (CMA) [11]. Macroautophagy is possibly the best-described
type of autophagy, and it is referred to as autophagy through-
out this review [20,21]. It starts with the formation of autopha-
gosomes, which are double-membrane vesicles that contain
the substrate to be degraded [22].

Autophagy occurs via four stages, which are induction, vesicle
nucleation, autophagosome membrane elongation, and termi-
nation/fusion and degradation, and they involve autophagy-re-
lated genes (Atg) and proteins [23]. Under normal conditions,
autophagy is inhibited due to the interaction of the mammalian
target of rapamycin 1 (mTORC1) complex with the unc51-like
kinase 1 (ULK1) complex [24]. However, this interaction stops
the prevention of autophagy under stressful circumstances,
such as starvation and energy depletion [25].

Activated adenosine monophosphate-activated protein kinase
(AMPK) prevents mTOR resulting in the induction of autophagy
[26]. The second stage in the autophagic process, which is vesicle
nucleation, requires Beclin-1 complex, which consists of class 1l
phosphoinositide 3-kinase (PI3K), p150, Beclin-1, and Atg14 [27].

Autophagosome membrane engagement is performed by the
Atg12 and light chain 3 (LC3) ubiquitin-like conjugation sys-
tems [28]. Thus, ubiquitin-like Atgl2 is conjugated to Atg5,
Atg7, and Atg10, in which sequential reactions of E1 enzyme
(Atg7) and E2 enzyme (Atg10) conjugate Atgl2 to Atg5, result-
ing in the subsequent formation of Atg5-Atg12/Atgl6L multi-
meric complex that localizes to the convex surface of the isola-
tion membrane [28]. Atg5-Atg12/Atgl6L complex serves as an
E3 enzyme for the conjugation reaction of LC3, which is Atg8,
promoting the transformation of LC3-I to LC3-II, which is es-
sential for autophagosome formation [28]. In the last stage of
autophagy, the autophagosome fuses with lysosomes, form-
ing autophagolysosomes, so that contents of the autophago-
some are degraded by hydrolases within the lysosome [29,30].
Additionally, selective forms of autophagy eliminate substrates
according to the various cargoes [31]. For instance, protein ag-
gregates are cleared by aggrephagy and damaged mitochon-
dria are degraded by mitophagy [31,32].

In contrast, microautophagy is the direct uptake of part of
the cytoplasm by lytic organelles [33,34]. Thus, the lysosomal
membrane invaginates to engulf the cytoplasmic component
so that it can be degraded accordingly [35]. On the other hand,
CMA is a selective pathway in which the substrate to be de-
graded has a specific pentapeptide motif, which is identified
and subsequently bound by the cytosolic heat-shock cognate
70 (HSC70) [36,37]. Consequently, it is linked to lysosome-as-
sociated membrane protein 2A (LAMP2A), leading to its trans-
location into the lysosomes [37].
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Role of Autophagy in Parkinson Disease

Defective autophagy, CMA, and mitophagy have been shown
in dopaminergic neurons in the substantia nigra in postmor-
tem tissue of Parkinson disease patients [13,38,39]. Impaired
mitophagy was illustrated by the accumulation of defective
mitochondria within the autophagosomes in the neurons of
Parkinson disease patients [40].

Most Lewy bodies in the substantia nigra of Parkinson dis-
ease brains displayed immunoreactivity for the autophagy-as-
sociated protein microtubule-associated protein 1 light chain
3 (LC3), which is involved in autophagosome formation [41].
Indeed, LC3 immunoreactivity was demonstrated, particular-
ly in o-synuclein-positive Lewy bodies [41]. Additionally, CMA
markers, such as HSC70 and LAMP2A, were selectively reduced
in association with a-synuclein buildup in the same Parkinson
disease samples [42].

Parkinson disease is characterized by protein aggregates, name-
ly a-synuclein-containing Lewy bodies [43]. Deterioration of the
ubiquitin proteasome system (UPS) and autophagy has been
proposed to participate in a-synuclein buildup [44].

Promoting autophagy has been assumed to exert a protective
effect in neurodegenerative diseases, including Parkinson dis-
ease [45]. Indeed, it is believed that the elimination of Lewy
bodies via the activation of the autophagic pathway would im-
pede their possible toxicity, thus interfering with the progres-
sion of Parkinson disease [45,46]. Additionally, deletion of au-
tophagy-related genes, which are essential for the induction
and execution of macroautophagy, leads to the presence of
protein aggregates and associated neurodegeneration [47,48].

Autophagy is necessary for the turnover of defective mitochon-
dria in Parkinson disease [49]. In addition to that, inability to
trigger effective mitophagy might serve as another pathogen-
ic mechanism of Parkinson disease [50]. Furthermore, inade-
quate activation of autophagy can prevent the elimination of
protein aggregates and impaired mitochondria [51].

Association Between Parkinson Disease-Related Gene
Mutations and Autophagy

Parkinson disease is associated with genetic mutations, and
a number of these genes are involved in the regulation of au-
tophagy. Thus, recognition of the particular genes that can be
mutated in association with Parkinson disease can greatly im-
prove the understanding of the mechanisms involved in the
pathogenesis of Parkinson disease. Thus, in this section, we
will review the genetic mutations and their correlation with
the impairment of autophagy in Parkinson disease.
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Association Between SNCA Gene Mutation and Autophagy

SNCA gene encodes a-synuclein protein, which is present chief-
ly in the axon terminals of presynaptic neurons [52]. Mutations
and multiplications in SNCA gene encoding o-synuclein are
linked to familial cases of Parkinson disease [3,53].

Wild-type a-synuclein is unfolded and can be sequestered via
many pathways, such as autophagy and CMA [54]. On the con-
trary, proteins that are encoded by mutant genes can misfold
and begin a vicious cycle [55]. For example, overexpression of
wild-type or mutant a-synuclein can compromise the degra-
dation pathways (Figure 1), causing abnormal buildup of a-
synuclein that assembles, thus contributing to the formation
of Lewy bodies in Parkinson disease brains [3,46,56]. Indeed,
overexpression of wild-type a-synuclein impairs autophagy
in mammalian cell lines and in transgenic mice by preventing
RAB1A (Figure 1A), which is a GTPase implicated in the ear-
ly secretory pathway, by causing mislocalization of the early
autophagy protein ATG9 [57,58]. However, such defects may
possibly be saved by RAB1A overexpression [57].

Additionally, overexpression of wild-type or mutant a-synuclein
has been shown to block autophagy in PC12 cells (Figure 1B)
by binding to both cytosolic and nuclear high mobility group
box 1 (HMGB1) in rat PC12 cells, compromising the cytosolic
translocation of HMGB1, inhibiting HMGB1-Beclin 1 (BECN1)
binding, and enhancing BECN1-BCL2 binding [59]. Conversely,
autophagy could be repaired by deleting HMBG1 [59].

Moreover, a-synuclein is degraded primarily by CMA due to
its being identified by the HSC70 and bound to LAMP2A at
the lysosomal membrane [60]. However, mutant a-synuclein
inhibits CMA (Figure 1C) by acting as uptake blockers block-
ing LAMP2A-channel for the translocation of proteins into ly-
sosomes [60]. Consequently, mutant a-synuclein accumulates,
leading to the compensatory activation of macroautopha-
gy in the brain of transgenic mice with overexpression of
A53T-mutant a-synuclein [60].

Dopamine modifies a-synuclein making it similar to missense
mutants that inhibit CMA, and thus it may further contribute
to the selective susceptibility in Parkinson disease [61,62].
Furthermore, o-synuclein has been reported to interact with
mitochondria and the mitophagy pathways, both directly and
indirectly, since a-synuclein buildup has been correlated with
the commencement of mitochondrial impairment [63]. It is
possible that either a-synuclein accumulation occurs first and
induces mitochondrial impairment, or mitochondrial insuffi-
ciencies cause neuronal deficits and a-synuclein build up [63].
Additionally, mutant o-synuclein has been shown to trigger
mitophagy in dopaminergic neurons of a transgenic mouse
model overexpressing mutant a-synuclein, where prominent
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Figure 1. Association between a-synuclein
and autophagy in Parkinson disease.
(A) Overexpression of wild-type
a-synuclein impairs autophagy by
preventing Ras-associated binding
1A (RAB1A) protein, leading to the
mislocalization of the early autophagy
protein ATG9. (B) Overexpression
of wild-type or mutant a-synuclein
was shown to block autophagy
by binding to both cytosolic and
nuclear high mobility group box 1
(HMGB1), compromising the cytosolic
translocation of HMGB1, inhibiting
HMGB1-Beclin 1 (BECN1) binding, and
enhancing BECN1- B-cell lymphoma 2
(BCL2) binding. (C) Mutant a-synuclein
inhibits chaperone-mediated
autophagy (CMA) by acting as uptake
blockers blocking lysosome-associated
membrane protein 2A (LAMP2A)-
channel for the translocation of
proteins into lysosomes. Subsequently,
mutant a-synuclein accumulates,
leading to the compensatory
activation of macroautophagy. This
figure was generated using Microsoft
PowerPoint Software, version 10,
Microsoft Corp., USA.

mitochondrial defects and augmented autophagic cytoplas-
mic inclusions enclosing mitochondrial remnants were illus-
trated prior to the degeneration of dopaminergic neurons [64].
Moreover, overexpressing human wild-type and mutant a-synu-
clein in yeast cells augmented autophagy and mitophagy ac-
tivities [65,66]. Under pathological circumstances, a-synuclein
is translocated to the inner mitochondrial membrane [67,68].
Consequently, wild-type a-synuclein accumulates in the mito-
chondria of human dopaminergic neurons, suppressing mito-
chondrial complex | activity and promoting the formation of
ROS [67,68]. Indeed, overexpression of mutant o-synuclein in
dopaminergic neurons of transgenic mice led to its presence in
monomeric and oligomeric forms onto the mitochondrial mem-
branes and concomitant augmentation of mitophagy [65,69].

Moreover, incomplete autophagic breakdown of a-synuclein
resulted in the formation of a truncated phosphorylated o-
synuclein species called “pa-syn*”, which is hugely neurotox-
ic [70]. Indeed, it induces mitochondrial damage and mitopha-
gy, and thus plays a key role in Parkinson disease pathogenesis

[70]. pa-syn* has been recognized in neuronal cultures, mouse
brains, and in postmortem brains from Parkinson disease pa-
tients [70].

Studies conducted in cell cultures, animal models, and human
postmortem studies suggest a strong correlation between
the overexpression of wild-type, mutant, or modified a-synu-
clein species with impaired autophagy, CMA, and mitophagy
routes [46,56,70].

Association Between LRRK2 Gene Mutation and
Autophagy

LRRK?2 gene encodes LRRK2 protein, which is principally pres-
ent in membrane microdomains, multivesicular bodies, and
autophagic vesicles [71]. Thus, LRRK2 protein is implicated
in many cellular signaling pathways such as autophagy, and
it possesses two different enzymatic domains, which are the
kinase domain that catalyzes phosphorylation, and the Ras
of complex (Roc)-GTPase domain that hydrolyses GTP-GDP

This work is licensed under Creative Common Attribution-

NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€938519-4

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]



Erekat N.S.:
Autophagy and genetic mutations in Parkinson disease
© Med Sci Monit, 2022; 28: €938519

[71,72]. Thus, mutations in LRRK2 can change its expression
levels and/or kinase activity [73,74]. Additionally, genetic mu-
tations in LRRK2 are associated with the majority of autoso-
mal dominant cases of Parkinson disease [75].

Furthermore, LRRK2 has been associated with maintaining ly-
sosomal homeostasis by its substrate Rab GTPases [76]. Thus,
lysosomal overload stress causes translocation and subse-
quent activation of endogenous LRRK2 onto the overloaded
lysosomes, where its substrates are phosphorylated and sub-
sequently stabilized [76].

Inhibition of LRRK2 kinase reduced a-synuclein intracellular
inclusions by enhancing autolysosome formation and func-
tion [77]. Autophagic dysregulation has been demonstrated in
familial cases of Parkinson disease that resulted from LRRK2
mutation [78]. For instance, LRRK2-positive cytoplasmic punc-
ta have been shown in association with autophagic vacuoles
in human brain sections and in cultured human cells [79,80].
Additionally, overexpression of LC3-Il has been shown in trans-
genic mice expressing mutant LRRK2 [81,82]. Moreover, SH-SY5Y
cells expressing mutant LRRK2 displayed prominent increases
in autophagic vacuoles, indicating the occurrence of autopha-
gy, which was mediated by mitogen-activated protein kinase/
extracellular signal-regulated protein kinase (MAPK/ERK) [83].

Wild-type LRRK2, in particular, can be degraded by CMA [84].
However, mutant LRRK2 or overexpressed wild-type LRRK2 can
compromise CMA [84]. Indeed, mutant LRRK?2 triggers LAMP2A
and HSC70 buildup, obstructing its translocation at the lyso-
somal membrane and thus inhibiting CMA [39]. Consequently,
o-synuclein breakdown was blocked, resulting in the buildup of
oligomeric a-synuclein [39]. Additionally, mutant LRRK2 induced
mitophagy by direct interaction with ULK1, which is required
for regulating autophagy [81], and expression of mutant LRRK2
augmented mitophagy by impairing calcium homeostasis [85].

On the other hand, LRRK2 is recruited from the cytosol to the
mitochondria, where wild-type LRRK2 forms a complex with
the mitochondrial transport factor RHOT1/Miro1, which is an
outer mitochondrial membrane protein, enhancing its elimina-
tion that precedes the initiation of mitophagy [86]. However,
mutant LRRK2 disturbed this event, reducing RHOT1/Miro1 re-
moval from damaged mitochondria and subsequently delay-
ing mitophagy [86]. Additionally, LRRK2 mutations stop depo-
larization-associated mitophagy by preventing mitochondrial
buildup of RAB10 [87].

Association Between PINK1 and PRKN Gene Mutation and
Autophagy

Phosphatase and tensin homolog (PTEN)-induced kinase 1
(PINK1) and Parkin (PRKN or PARK?2) proteins are functionally
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correlated and they control mitophagy [87]. Their homozy-
gous or heterozygous mutations cause the most common cas-
es of autosomal recessive early-onset Parkinson disease [88].

PINK1 kinase becomes stabilized on the outer membrane of
impaired mitochondria, and it activates the E3 ubiquitin ligase
PRKN to induce selective autophagy of damaged mitochon-
dria [89]. Consequently, PRKN is triggered and recruited to the
outer membrane of the impaired mitochondria, affording fur-
ther Ub moieties for PINK1-dependent phosphorylation in a
feed forward loop, which intensifies PINK1 and PRKN actions
labeling mitochondria for mitophagy [90]. Subsequently, the
mitochondria are degraded [90].

Thus, the entire loss of PINK1 function due to its mutations
accompanied by heterozygous Parkinson disease-associated
PRKN mutations inhibit PINK1-PRKN dependent mitophagy [91].
Consistently, reduced mitophagy or even its absence has been
demonstrated in postmortem Parkinson disease brains with
PINK1 or PRKN mutations [40]. Additionally, reduced mitoph-
agy has been shown to result in the buildup of impaired mito-
chondria, which probably leads to neurodegeneration, particu-
larly in dopaminergic neurons that are selectively susceptible
to mitochondrial dysfunction [92].

However, Parkinson disease-like phenotypes were not shown
in PINK1- or PRKN-knockdown mouse models of Parkinson
disease [93]. Instead, deletion of PINK1 or PRKN in Parkinson
disease mouse models caused only trivial behavioral pheno-
types [93]. For example, PRKN-knockdown mice showed dimin-
ished striatal synaptic excitability and plasticity, deteriorated
dopamine discharge, and nigrostriatal deficits [94]. On the oth-
er hand, PINK1 deletion significantly impaired mitochondrial
respiration in the striatum and increased the striatal sensitiv-
ity to oxidative stress [95]. Consequently, mitochondrial pro-
teins involved with energy metabolism and membrane poten-
tial were considerably changed in PINK1 knockout mice [96].

Based on its precise localization, a mutation of the PRKN pro-
tein in SH-SY5Y or Hela cells can cause disturbance at any step
of mitophagy, leading to its deterioration, which is involved
in the pathogenesis of PRKN-associated parkinsonism [40].

Additionally, some Parkinson disease-linked PINK1 mutations
impeded PRKN translocation, obstructing mitophagy in iPSC-
derived dopaminergic neurons from Parkinson disease pa-
tients [97,98]. However, mitophagy was improved by lentivi-
ral expression of wild-type PINK1 in the mutant iPSC-derived
PINK1 neurons [99].

Stress that is induced by mitochondrial insults augment-
ed S-nitrosylated PINK1, thus obstructing its kinase activi-
ty [98]. S-nitrosylated PINK1 impaired mitophagy by reducing
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PRKN translocation to mitochondrial membranes, resulting in
cell death in cell lines and human iPSC-derived neurons [98].
Indeed, S-nitrosylated PINK1 has been shown in the brains of
a-synuclein transgenic mice, suggesting its involvement in the
pathogenesis of Parkinson disease [98].

Furthermore, PRKN function is progressively lost in dopaminer-
gic neurons during aging and Parkinson disease [100], probably
due to its being covalently changed by dopamine in substan-
tia nigra only in the normal human brain [100], which reduc-
es its solubility and deactivates its E3 ubiquitin ligase [100].

Altogether, the PINK1-PRKN-dependent mitophagy pathway
is necessary for the elimination of impaired mitochondria,
and its deficiency is possibly involved in the pathogenesis of
Parkinson disease [40,88,100].

Association Between VPS35 Gene Mutation and
Autophagy

Vacuolar protein-sorting 35 (VPS35) gene encodes a subunit
of the retromer complex, which mediates the retrograde trans-
port of endosomes to the Golgi complex, thus stimulating the
recycling of particular membrane proteins [101]. Additionally,
retromer is required for endosomal recruitment of the Wiskott-
Aldrich syndrome protein and SCAR homolog complex (WASH),
which mediates protein sorting [101].

Mutations in VPS35 are associated with autosomal dominant
Parkinson disease [102]. D620 mutation of VPS35 decreases
its communication with the WASH complex, resulting in ab-
normal transferring of the autophagy protein Atg9A and im-
paired autophagosome formation, leading to obstruction of
autophagy [103]. Furthermore, mutation of VPS35 enhances
LRRK2-mediated phosphorylation of Rab protein in Parkinson
disease patients [102].

Moreover, mutated or depleted VPS35 has been illustrated to
impair endosome-to-Golgi retrieval of LAMP2A and increase
LAMP2A breakdown, thus impairing CMA, which is essential
for the degradation of a-synuclein, which subsequently builds
up, leading to the development of Parkinson disease [104].

Association Between GBA Gene Mutation and Autophagy

The GBA gene encodes glucocerebrosidase (GCase), which is
a lysosomal hydrolase enzyme that cleaves glucosylceramide
into glucose and ceramide [105]. Homozygous mutations in
GBA gene results in Gaucher disease (GD), which is the most
common sphingolipidosis lysosomal storage disorder, and it is
classified into three subtypes [105]. Some patients with type
1 display parkinsonism [105].
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Thus, homozygous or heterozygous mutations in GBA pre-
vent GCase protein and lysosomal degradation, leading to o-
synuclein accumulation [105,106]. Accordingly, the diminished
GCase function probably disrupts the CMA pathway, augment-
ing a-synuclein accumulation and resulting in dopaminergic
neuron degeneration [107].

Association Between ATP13A2 Gene Mutation and
Autophagy

ATP13A2 is mutated in some types of juvenile Parkinson dis-
ease [108]. It encodes a lysosomal ATPase that is suggest-
ed to be a regulator of the autophagy-lysosome pathway
[109]. Consistently, ATP13A2 promotes intracellular o-synu-
clein accumulation by impairing lysosome exocytosis using
iPSC-derived neurons from Parkinson disease patients [110].
Furthermore, ATP13A2 mutation or depletion can contribute
to forms of Parkinson disease-associated neurodegeneration,
since it negatively regulates another Parkinson disease-cor-
related gene called synaptotagminll (SYT11) at both tran-
scriptional and post-translational levels, leading to mTORC1
activation and decreased levels of SYT11, which cause lyso-
somal dysfunction and impaired degradation of autophago-
somes [109]. Additionally, ATP13A2 has been reported to fa-
cilitate the recruitment of histone deacetylase 6 (HDAC6) to
lysosomes to stimulate autophagosome-lysosome fusion and
subsequent autophagy [111].

Potential Therapeutic Involvement of
Autophagy in Parkinson Disease

Based on the current understanding of the involvement of
autophagy in association with the genetic mutations in the
pathogenesis of Parkinson disease, augmenting autophagy to
prevent protein aggregation and/or eliminate impaired organ-
elles might be considered promising therapeutic approaches.

Ganoderma lucidum extract (GLE) has been shown to suppress
parkinsonian phenotype by regulating both mitochondrial func-
tion and the autophagic response to oxidative stress [112]. Its
administration improved the motor deficits and the selective
loss of dopaminergic neurons in an MPTP model of Parkinson
disease [112]. In vitro, GLE treatment reduced MPP*-induced
mitochondrial dysfunction and repaired the compromised trans-
port of impaired mitochondria, leading to enhanced autopha-
gy in primary cultured mesencephalic neuronal cells [112]. GLE
has been shown to protect neuronal cells by stimulating the
activation of both the AMPK/mTOR/ULK1 and PINK1/Parkin
pathways, and thus stimulating mitophagy in Parkinson dis-
ease [112]. Thus, GLE might be a promising neuroprotective
agent for Parkinson disease [112].
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Resveratrol has been demonstrated to induce autophagy
in dopaminergic neuronal cell lines, including SH-SY5Y and
PC12 cells, leading to enhanced elimination of impaired mi-
tochondria and the degradation of mutant o-synuclein [113].
Furthermore, resveratrol has been illustrated to induce au-
tophagic clearance of mutant a-synuclein, possibly by activat-
ing the AMPK/SIRT1 pathway, which might occur via inhibit-
ing the mTOR pathway [113].

Rosuvastatin has been shown to ameliorate rotenone-induced
neurotoxicity in SH-SY5Y cells through autophagy modula-
tion [114]. Indeed, treatment with rosuvastatin enhanced au-
tophagy by restoring the Beclin-1 expression, increasing the
expression of AMPK, and decreasing mTOR expression in a
rotenone-induced neurotoxicity model in SH-SY5Y cells [114].
Thus, rosuvastatin appears to exert neuroprotective effects on
rotenone-induced dopaminergic neurotoxicity via modulating
autophagy, serving as a new potential therapeutic strategy for
the treatment of Parkinson disease [114].

The mammalian target of rapamycin (mTOR) is a serine/threonine
protein kinase that plays a vital role in many processes, including
autophagy regulation [115]. Rapamycin interferes with the as-
sembly of mTOR, blocking its kinase activity [116]. Moreover, ra-
pamycin improved motor dysfunction induced by 6-OHDA, prob-
ably by stimulating autophagy subsequent to the obstruction of
mTORC1 activation [46]. In the wild-type SNCA transgenic mouse
model, rapamycin induced autophagy and decreased the accumu-
lation of neuronal cell bodies and synaptic regions of a-synuclein
[117]. Additionally, rapamycin ameliorated the Parkinson disease
phenotype of Parkin or PINK1 gene deletion in Drosophila and
improved the toxic impact of paraquat on Drosophila.

Moxibustion has been illustrated to improve the behavior-
al performance and to suppress mTOR, enhancing autophagy
and promoting the clearance of a-synuclein in a rat model of
rotenone-induced Parkinson disease [118].

Metformin has improved motor impairment and enhanced
autophagy via AMPK activation in MPTP/p Parkinson disease
model mice [119].

Lithium chloride and valproic acid have been shown to enhance
autophagy by suppressing inositol-monophosphatase (IMPase),
which cleaves inositol-monophosphate (IMP) producing ino-
sitol (Ins), which eventually reduces autophagy [120-122].

In addition, glycogen synthase kinase3p (GSK3p) has been re-
ported to play a chief role in methamphetamine-induced neu-
rotoxicity by stimulating a-synuclein buildup and obstructing
autophagy leading to neurodegeneration [123]. Thus, GSK3f
inhibition might be considered as a possible therapeutic ap-
proach in Parkinson disease [123].
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Trehalose is a natural disaccharide that inhibits protein accu-
mulation or misfolding and promotes autophagy, thus con-
tributing to the clearance of aggregated wild-type and mu-
tant o-synuclein in MPTP-induced Parkinson disease [124].
Accordingly, trehalose has been shown to counteract neuro-
toxicity in Parkinson disease [124].

Corynoxine B is a natural autophagy inducer that repairs the
deficient cytosolic translocation of HWGB1 and autophagy in
cells overexpressing a-synuclein, blocking a-synuclein-HMGB1
interaction [125]. Additionally, overexpression of BECN1 or
HMGBT1 in cells overexpressing a-synuclein repairs autophagy
and enhances the elimination of a-synuclein [125].

Geraniol is an acyclic monoterpene alcohol that is present in
the essential oils of several aromatic plants [126]. Geraniol has
been reported to exert a neuroprotective effect in Parkinson dis-
ease by reducing a-synuclein expression and improving autoph-
agy [126]. Thus, geraniol has been suggested as a novel thera-
peutic avenue for clinical intervention in Parkinson disease [126].

Baicalein has been shown to exert neuroprotective effects in
the substantia nigra of 6-hydroxydopamine-induced Parkinson
disease model rats by stimulating mitochondrial autophagy
via enhancing the phosphorylation level of AMPK and reduc-
ing mTOR [127].

Venlafaxine rescued dopaminergic neurons, restored the do-
pamine levels in the striatum, promoted autophagy, and at-
tenuated the buildup of a-synuclein, resulting in motor recov-
ery in rotenone-induced Parkinson disease model rats [44].

Caffeic acid (CA) has been shown to be neuroprotective, pre-
serving dopaminergic neurons and resulting in motor recov-
ery in a mouse model of Parkinson disease by stimulating au-
tophagy and decreasing A53T a-synuclein [128].

However, RNA interference knockdown of LC3 or Atg7, which
are involved in autophagy, reversed the effects of LRRK2 mu-
tation reducing autophagy in SH-SY5Y cells expressing mutant
LRRK?2 [83]. Additionally, 4-diamino-2,3-dicyano-1,4-bis[2-ami-
nophenylthio]butadiene (U0126), which is MAPK/ERK kinase
(MEK) inhibitor 1, reduced LRRK2-induced neuritic autophagy
in SH-SY5Y cells expressing mutant LRRK2 [83].

RHOT1 RNAi repairs mitophagy in neurons expressing mu-
tant LRRK2, and protects them from oxidative stress [86].
Additionally, the neuroprotective impact of reducing RHOT1
protein levels was tested in vivo in a Drosophila model, which
overexpressed human mutant LRRK2 and displayed locomotor
deficits and dopaminergic neuronal loss [86]. However, knock-
ing down Miro by RNAi entirely alleviated the locomotor de-
fects and prevented dopaminergic neurodegeneration [86].
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Table 1. Future developments in gene-based treatment of Parkinson disease.

Target Drug Mechanism of action References
a-synuclein Antisense oligonuleotides Reducing oa-synuclein expression in animals [134]
wPT20011 Inhibiting o-synuclein misfolding (136
CNiotimb Augmenting the autophagic elimination of ovsynuclein [135137]
Prasinuzemab Passive immunotherapy against osynuclein (39
Ceoo3A Active immunotherapy against o-synuclein (140
ClRRK2  DNR0T Selective inhibition of LRRK2 kinase 421
 Antisense oligonuleotides  Suppressing the overall kinase activity of LRRK2 43
Gease  PROOIA Augmenting GCase activity using gene therapy | (149]
CAmbroxol Increasing GCase activity (144

LRRK2 — leucine-rich repeat kinase 2; GCase — B-glucocerebrosidase.

Mitophagy compromised in LRRK2 mutant patient cells was
repaired by deletion of the mutant LRRK2 or inhibition of
LRRK?2 kinase [87].

Future Developments in Gene-Based
Diagnosis and Treatment of Parkinson
Disease

Diagnosis of Parkinson Disease

Unfortunately, urgent medical requirements in the treatment
of Parkinson disease are unmet, since no clinical biomarkers
are currently available for early diagnosis of Parkinson dis-
ease, and there is no effective therapy that can interfere with
the pathogenesis or progression of Parkinson disease [129].

Diagnostic biomarkers of Parkinson disease, including a-synu-
clein, LRRK2, and B-glucocerebrosidase (GCase), have been il-
lustrated in biofluid studies using cerebrospinal fluid, blood
cells, and urine [129]. Thus, there is a critical need to establish
highly sensitive and specific assays of the specific biomarkers
that are reliable for differential diagnosis [130].

Clinical assessment, neuroimaging, and electrophysiology have
been helpful in the diagnosis and prognosis of Parkinson dis-
ease, since they can help in detecting the abnormalities that
can precede the disease onset [131]. For instance, magnetic
resonance imaging (MRI), which illustrates structural brain dif-
ferences, might be useful in differentiating idiopathic Parkinson
disease from other parkinsonian phenotypes [131].

Furthermore, considering the functional level, alterations in cir-
culating oxygen levels might be useful in differentiating idio-
pathic Parkinson disease from a healthy state [130].

Moreover, positron emission tomography (PET) or single-pho-
ton emission computed tomography (SPECT) assesses varia-
tions among biomolecules and macromolecules, such as dopa-
mine transporter (DAT), which is regarded as a diagnostic tool
[130,132]. Additionally, electrophysiology might be helpful in
assessing the neuronal activity and the subsequent monitor-
ing of the disease [133].

However, because Parkinson disease is heterogeneous and mul-
tifactorial in its pathophysiology, the degree of the reliability
of these approaches cannot be determined, and a combina-
tion of many methods and procedures may be needed [129].

Potential Therapies Targeting a-Synuclein

Since a-synuclein plays a key role in the pathogenesis of
Parkinson disease, it is considered as a potential therapeutic
target in many ongoing studies (Table 1) that aim at attenu-
ating its burden by decreasing its gene and protein expres-
sion, repairing its proteostasis, or restricting its spread to an-
atomically interconnected brain regions [134].

A potential therapeutic approach that is expected to reduce a-
synuclein expression is the use of antisense oligonucleotides
[134], which are complimentary single-stranded RNA oligo-
mers that can bind particular sequences within an mRNA mol-
ecule, resulting in the digestion of mRNA [134]. Preclinically,
antisense oligonucleotides have been successful in reducing
a-synuclein expression in animals [134].

Repairing a-synuclein proteostasis can potentially interfere
with the progression of Parkinson disease, and it can be accom-
plished via preventing protein misfolding and accumulation or
promoting its elimination [135,136]. For instance, an inhibitor
of a-synuclein called NPT200-11 has been shown to be poten-
tially useful in ameliorating a-synuclein and motor function,
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and completed phase | clinical trials [136]. Furthermore, nilo-
tinib, which is an anti-cancer drug that inhibits c-Able tyrosine
kinase augmenting the autophagic elimination of a-synuclein,
is currently in phase 2 trials [135,137].

a-synuclein can spread among neurons, since it can be secret-
ed extracellularly and subsequently taken up by adjacent neu-
rons [138]. Thus, such extracellular a-synuclein has been tar-
geted therapeutically by passive or active immunotherapy, in
which a-synuclein-specific antibodies are used or synthesis of
endogenous antibodies is induced consequent to the adminis-
tration of modified a-synuclein [139,140]. Passive and active
immunotherapies might be useful in attenuating extracellu-
lar a-synuclein and the burden of its toxic accumulation and
consequently reducing its dissemination to anatomically in-
terconnected brain areas [139,140].

Passive immunotherapy method is being attempted in clini-
cal trials using many drugs, such as prasinuzemab, which is
currently being assessed in phase I [139]. Similarly, an active
immunotherapy approach has been attempted in clinical tri-
als using drugs, including PDO3A, which has completed phase
1 trials [140].

Potential Therapies Targeting LRRK2

Neuronal death caused by LRRK2 mutation in the PARK8 locus
on chromosome 12 was shown to be kinase-dependent [141].
Thus, selective inhibitors of LRRK2 kinase activity were regard-
ed as potential therapeutic candidates [142]. For instance, the
selective LRRK2 kinase inhibitor, DNL201, completed a phase
I clinical trial, suggesting LRRK2 kinase activity as a potential
therapeutic target (Table 1) in Parkinson disease [142].

Alternatively, antisense oligonucleotides can potentially be used
in suppressing the overall kinase activity of LRRK2 by obstruct-
ing LRRK2 function [143]. Indeed, LRRK2 antisense oligonucle-
otides have been reported to decrease Ps-129-a-synuclein in-
clusions by about 50% compared to controls [143]. Additionally,
LRRK?2 antisense oligonucleotides have been demonstrated to
be useful in inhibiting Parkinson disease-associated patholo-
gy and phenotypes (Table 1) [143].

REVIEW ARTICLES

Potential Therapies Targeting GCase

GCase is reduced in the brains of patients with Parkinson dis-
ease, particularly those with GBA1 mutations [144]. GCase in-
sufficiency may result in the buildup of a-synuclein by main-
taining oligomers, which subsequently lead to more reduction
in GCase activity, resulting in a positive forward feedback loop
[145,146]. Additionally, GCase inadequacy causes lysosomal im-
pairment, leading to proteinopathy in synucleinopathies [147].

Based on their effectiveness in GD treatment, therapies like
enzyme replacement therapy and glucosylceramide synthase
inhibitors have been considered as potential therapeutic ap-
proaches (Table 1) in GBA-associated Parkinson disease [148].
For instance, PROO1A, which augments GCase activity using
gene therapy, is being assessed in a phase | safety trial [149].
Another example is ambroxol, which is an inhibitory small-mol-
ecule chaperone that increases GCase activity and decreases
a-synuclein levels [144]. It is currently in phase 2 clinical tri-
als in Parkinson disease [144].

Conclusions

There is no effective treatment that is capable of preventing
neurodegeneration and disease progression in Parkinson dis-
ease. Instead of that, the current treatment for Parkinson dis-
ease is merely for symptomatic relief. The pathogenesis of
Parkinson disease involves autophagy impairment. Various
agents, which can stimulate the clearance of toxic a-synuclein
by enhancing autophagy, could be regarded as potential ther-
apeutic agents to halt or delay the progression of Parkinson
disease. Genetic mutations associated with Parkinson disease
have been shown to impact autophagy, leading to its impair-
ment. Additionally, there is a critical need to establish highly
sensitive and specific assays of the particular gene-based di-
agnostic biomarkers of Parkinson disease, including a-synu-
clein, LRRK2, and GCase, which are reliable for differential di-
agnosis. Furthermore, potential therapeutic targets that are
gene-based in Parkinson disease are being currently developed.
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