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Abstract

Impaired protein homeostasis and accumulation of damaged or abnormally modified protein are common
disease mechanisms in many neurodegenerative disorders, including Parkinson's disease (PD). As one of the
major degradation pathways, autophagy plays a pivotal role in maintaining effective turnover of proteins and
damaged organelles in cells. Several decades of research efforts led to insights into the potential contribution
of impaired autophagy machinery to a-synuclein accumulation and the degeneration of dopaminergic
neurons, two major features of PD pathology. In this review, we summarize recent pathological, genetic, and
mechanistic findings that link defective autophagy with PD pathogenesis in human patients, animals, and
cellular models and discuss current challenges in the field.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Parkinson's disease (PD) is the second most
common neurodegenerative disorder and currently
remains incurable. PD is clinically characterized by
the cardinal motor dysfunctions and additional non-
motor symptoms, including mood and cognitive
changes, autonomic dysfunctions, sleep disorders,
sensory symptoms, and pain [1—3]. Neuropatholo-
gically, PD is characterized by progressive loss of
dopaminergic neurons, which is typically accompa-
nied by accumulation of Lewy bodies (LBs) in
neuronal somata and Lewy neurites in neuronal
processes with fibrillar a-synuclein aggregates as
major protein component [4]. Additional pathological
changes, including tau hyperphosphorylation and
resulting neurofibrillary tangles, as well as amyloid-
B deposition, are commonly detected in the PD
brains within different brain regions [5]. To date,
existing treatments alleviate symptoms in specific
patient populations but do not stop disease pro-
gression or reverse existing disabilities. Elucidation
of disease etiology and pathogenesis is crucial for

the development of diagnostics and treatments for
PD.

In addition to abnormal protein aggregation,
malfunctioning degradation pathways, such as
autophagy and lysosome dysfunctions are known,
early disease features that may contribute to the
pathogenesis of PD, as evidenced by pathology and
genetics [6—8]. The autophagy pathway is essential
for the timely removal of long-lived proteins and
dysfunctional organelles in eukaryotic cells to pre-
vent subsequent toxicity and cell death. Accumulat-
ing evidence suggests that aggregation of o-
synuclein and tau is a consequence of impaired
autophagic-lysosomal degradation [9,10]. In turn, a-
synuclein and tau have also been shown to impact
mitochondrial, autophagic, and lysosomal functions
[9—13]. Dopaminergic neurons are metabolically
very active with high mitochondrial energy demand
and are, therefore, especially vulnerable
toward insufficient clearance of damaged mitochon-
dria [14,15]. Accumulation of defective mitochondria
will result in increased levels of reactive oxygen
species that may damage surrounding healthy
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mitochondria to further accelerate disease progres-
sion in a vicious cycle.

In PD, about 90—95% of cases are sporadic in
nature with unknown origin, and 5—10% are familial
forms of the disease. Great advances have been
made over the past two decades with the identifica-
tion of monogenic causes of early-onset familial PD,
such as mutations in SNCA, LRRK2, VPS35, PRKN,
PINK1, and PARK7 [16]. Other variants in genes
encoding a-synuclein (SNCA), tau (MAPT), and
glucocerebrosidase (GBA) were nominated among
the most significant genetic risk factors known for PD
[17]. In two recent large meta-analyses of genome-
wide association studies (GWAS) [8,18], previous
and newly identified candidate loci were strongly
enriched for lysosomal and/or autophagy functions.
In spite of an intriguing link between autophagic
defects and PD pathogenesis (Fig. 1), the precise
underlying disease mechanisms remain largely
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unclear, and their characterization requires the
systematic analysis of disease-specific changes in
the PD brain, as well as functional studies in
appropriate cellular and animal models. The present
review will emphasize how different PD genes/
mutations affect autophagic function, as well as the
contribution of autophagic impairment to PD
pathogenesis.

Autophagy Changes in Autopsy PD
Brain

Autophagy is a degradation process to remove
redundant or defective cellular components within the
cell. Three different classes of autophagy are present
in mammalian cells: macroautophagy, chaperone-
mediated autophagy (CMA), and microautophagy
[19]. The major type of autophagy is termed
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Fig. 1. Schematic depiction of PD-related genes associated with different autophagy pathways. A large group of
genes associated with familial and sporadic PD is strongly linked to macroautophagy, chaperone-mediated autophagy,
mitophagy, and downstream lysosomal function. Macroautophagy, the main route of cellular degradation, is initiated from
an isolated membrane (phagophore), forming the double-membraned autophagosome to sequester cytosolic material.
Subsequent fusion of autophagosomes with lysosomes forms the autolysosome for hydrolase-mediated degradation of its
contents. In chaperone-mediated autophagy, the cytosolic chaperone protein HSC70 targets and translocates unfolded
proteins directly to lysosomes through binding to the lysosomal receptor LAMP2A. Compared to nonselective/bulk
macroautophagy, selective mitophagy labels only damaged mitochondria for downstream autophagic degradation. See
the text for a more detailed description of PD gene-mediated effects on various types and steps of the autophagic-

lysosomal pathway.
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macroautophagy and can be subdivided into two
categories: nonselective/bulk autophagy (hereinafter
referred to as autophagy) and selective autophagy.
Starvation causes autophagy to provide sufficient
nutrients for the cell, while selective forms of
autophagy remove protein aggregates (aggrephagy),
as well as superfluous or damaged organelles. In
either case, an isolation membrane or phagophore
surrounds the entire organelle or large parts of the
cytoplasm. This then initiates the formation of the
double-membrane autophagosome. The autophago-
some subsequently fuses with the lysosome to form
the autolysosome, where the contents are degraded.
Selective autophagy, for instance, of mitochondria
(termed mitophagy), is regulated in a complex fashion
by specific posttranslational “tagging” of the cargo
and modification of downstream autophagy adaptors
to decode the signal. CMA is a selective pathway
involving translocation of unfolded proteins with a
recognition sequence (KFERQ-like peptide motif) into
the lysosome for degradation. The CMA pathway is
mediated through direct binding of cytosolic chaper-
one proteins to target substrates for lysosomal
clearance [20].

Evidence of impaired autophagy, CMA, and
mitophagy in vulnerable brain regions in the PD
patients has been provided by studies using post-
mortem tissue compared to age- and sex-matched
controls. Early on, autophagic degeneration was
observed in dopaminergic neurons in the substantia
nigra in PD patients [21]. Ultrastructural examination
of autophagosomes in the PD brain revealed a large
number of phospho-ERK labeled mitochondria,
suggesting a PD-related abnormal mitophagy [7].
Our more recent studies confirmed the disease
relevance of phosphorylated ubiquitin, which serves
as the mitophagy tag, and demonstrated a selective
increase in the PD brain and a strong correlation with
levels of LBs and tau tangles [22—24]. Later, the
majority of LBs in the substantia nigra of PD brains
were found to be immunopositive for the autophagy-
related protein microtubule-associated protein 1A/
1B-light chain 3 (LC3) that is responsible for
autophagosome formation [6,25,26]. The LC3 signal
was present especially in the halo, where it
colocalized with a-synuclein [25], and also in a-
synuclein-positive Lewy neurites [25,26]. The lipi-
dated form of LC3 (LC3-Il) is a well-characterized
protein and indicator of autophagy that specifically
localizes to autophagic structures [27]. LC3-1I levels
were also markedly elevated in nigral PD samples
[25,26], while levels and activities of lysosomal
enzymes, such as glucocerebrosidase (GCase), or
the protease cathepsin D (CTSD) were decreased
[28]. Moreover, levels of the heat shock cognate 70
(HSC?70) protein, which controls the rate-limiting step
of CMA, and its binding receptor, lysosomal-asso-
ciated membrane protein 2A (LAMP2A), were also
significantly decreased in the substantia nigra of PD

cases compared to controls [26,29]. This selective
loss of CMA markers strongly correlated with a-
synuclein accumulation in the same PD samples
[29]. Thus, as shown in both imaging and biochem-
ical studies, PD-related autophagic abnormalities
extend to multiple autophagy pathways.

With a-synuclein being considered the major LB
component, a large number of other proteins were
identified in LBs, some of which are functionally
associated with protein degradation systems [30,31].
A recent postmortem study of PD brains revealed a
crowded environment of organelles and lipid mem-
branes therein, including mitochondria and structures
reminiscent of lysosomes and autophagosomes [32].
These findings may provide a new dimension of
understanding LB pathology in PD. It is possible that
these pathological hallmarks are the common
“dumping ground,” where impaired organellar traf-
ficking and failed autophagic-lysosomal clearance
converges.

Effects of PD Genes on Autophagy

SNCA

PD has long been considered a nongenetic
disease until the initial discovery of large families
with autosomal dominant forms of PD [33,34]. Soon
after, the same group and others independently
identified several PD-related mutations in SNCA:
AS53T [35], A30P [36], and E46K [37]. More recently,
other missense mutations from familial (H50Q [38]
and G51D [39]) and sporadic cases (A18T and A29S
[40]) were described. Elevated a-synuclein levels in
familial cases with SNCA multiplication were
strongly linked to earlier disease onset, more rapid
disease course, and increased disease severity [41].
a-synuclein, encoded by the SNCA gene, is a
presynaptic protein in neurons of the central nervous
system. Although its exact physiological function
remains enigmatic, a-synuclein has been implicated
in synaptic vesicle release and a variety of other
functions [42—44]. As discussed later in more detalil,
emerging evidence suggests the convergence of PD
pathways with synaptic homeostasis and autophagy
[45—50]. Abnormally aggregated a-synuclein is the
major component of LBs. a-synuclein is natively
unfolded and can be degraded through multiple
clearance routes, including autophagy, CMA, and
proteasome pathways.

Products from deregulated gene expression or
mutant genes can misfold and start a vicious cycle.
For instance, increasing amounts of wild-type or
mutant a-synuclein may overwhelm or resist regular
degradation and result in abnormal accumulation of
aggregated a-synuclein in the PD brain. Moreover,
this might also impair the elimination of other cellular
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components by different mechanisms. Overexpres-
sion of wild-type a-synuclein compromised autop-
hagy in mammalian cell lines and transgenic mice by
inhibiting RAB1A, a GTPase involved in the early
secretory pathway, and resulted in mislocalization of
the early autophagy protein ATG9 and decreased
formation of omegasomes [51], an autophagic
structure frequently seen in association with the
endoplasmic reticulum (ER) [52]. Importantly, such
defects could be rescued by RAB1A overexpres-
sion. A more recent study using rat PC12 cells
demonstrated that a-synuclein bound to both cyto-
solic and nuclear high mobility group box 1
(HMGBH1), impaired the cytosolic translocation of
HMGBH1, blocked HMGB1-Beclin 1 (BECN1) bind-
ing, and strengthened BECN1-BCL2 binding. Dereg-
ulation of these molecular events by a-synuclein
overexpression led to autophagy inhibition and could
be restored by genetic (BECN1 overexpression and
HMGB1 knockdown) or pharmacological (corynox-
ine B, a natural autophagy inducer) manipulation
[53].

However, findings, using induced pluripotent stem
cell (iPSC) lines or rat primary neurons showed
contrary results. Differentiated iPSCs from a PD
patient with SNCA triplication showed upregulated
autophagic flux with greater accumulation of LC3
immunopositive puncta upon chloroquine treatment
compared to control lines [54]. Similar results were
reported in rat primary midbrain neurons with o-
synuclein overexpression [55]. Apparent discrepan-
cies in the literature may reflect the particular model
systems employed, which vary in neuronal type, o-
synuclein expression levels, posttranslational mod-
ifications (PTMs), and aggregation. Upregulation of
autophagy may also act as a cellular compensatory
mechanism to clear accumulated monomeric o-
synuclein, while this pathway may be compromised
in the presence of proteolysis-resistant forms of
aggregated a-synuclein. In an adeno-associated
virus-mediated a-synuclein overexpression mouse
model, autophagic proteins BECN1 and LC3-Il were
significantly increased at the presymptomatic stage
but reduced in the later stage, which appeared to be
associated with the expression of transcription factor
EB (TFEB) [56], a key autophagy modulator [57].

In addition to increased levels of wild-type ao-
synuclein, mutant a-synuclein has also been shown
to interfere with normal autophagic functions. Autop-
hagy induction was observed in the substantia nigra
of transgenic mice overexpressing A53T mutant o-
synuclein via upregulating both LC3-Il and BECN1
levels compared to controls [58]. This autophagy
induction was further increased with aging. Ultra-
structural examination of PC12 cell lines expressing
A53T mutant revealed a significant accumulation of
autophagic-vesicular structures, as well as impaired
lysosomal hydrolysis, proteasomal function, and
failure to store catecholamine with an absence of

dopamine release, compared to cells expressing
wild-type a-synuclein [59].

Regarding the CMA pathway, o-synuclein con-
tains a pentapeptide sequence (95VKKDQgg) con-
sistent with a CMA recognition motif, allowing a-
synuclein to be recognized by the chaperone protein
HSC70 and to bind to LAMP2A at the lysosomal
membrane for degradation through CMA [60]. This
has been suggested to be the primary clearance
pathway for wild-type a-synuclein in its native form,
while pathogenic a-synuclein mutants seem to
prevent this route [60]. In PC12 cells, a-synuclein
A53T and A30P mutants acted as uptake blockers
by binding LAMP2A receptors on the lysosomal
membrane [60]. These findings were confirmed in rat
primary cortical neurons with adenoviral-transduced
wild-type and AS53T a-synuclein with the A53T
mutant causing a significant reduction of CMA-
dependent proteolysis [61]. Subsequent compensa-
tory autophagy induction could not rescue the
resulting perturbations of cellular homeostasis and
contributed to neuronal toxicity [61].

Besides rare pathogenic missense mutations,
PTMs of wild-type a-synuclein (phosphorylation,
oxidation, nitrosylation, and/or dopamine-modifica-
tion) impair its own CMA-mediated degradation, as
shown in primary neuronal mouse cultures, SH-
SY5Y cells, and isolated mouse lysosomes [62].
However, unlike the strong binding of mutant a-
synuclein to LAMP2A that leads to the complete
block of CMA, most modified forms of a-synuclein
appear to at least allow the CMA degradation of
other substrates. Dopamine-modified a-synuclein is
an exception and acts more similar to missense
mutants [62]. Thus, dopamine-induced CMA inhibi-
tion may further contribute to the selective vulner-
ability observed in PD. Indeed, CMA blockage by
mutant a-synuclein in transgenic mice resulted in
prominent o-synuclein inclusions in the brainstem
and spinal cord accompanied by low CMA activities
compared to more resistant brain regions [63].

Additionally, a-synuclein has been shown to
interact, both directly and indirectly, with mitochon-
dria and the mitophagy pathway. Stable PC12 cells
expressing A53T mutant but not human wild-type a-
synuclein showed marked accumulation of mito-
chondria-containing autophagic-vesicular structures
[59]. In primary cortical neurons, expression of A53T
a-synuclein led to increased colocalization between
autophagosomes and healthy, polarized mitochon-
dria. This was in contrast to the colocalization of
autophagosomes with unhealthy, depolarized mito-
chondria in wild-type a-synuclein expressing neu-
rons [64], which resulted in abnormal clearance of
functional mitochondria and led to mitochondrial loss
and a bioenergetic deficit. Mutant A53T a-synuclein-
induced mitophagy activation was dependent on
PRKN and mitochondrial fragmentation. Similar
results were shown in an in vivo model, a transgenic
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mouse line with selective human a-synuclein A53T
overexpression in dopamine neurons [65]. Profound
mitochondrial abnormalities and increased autopha-
gic cytoplasmic inclusions containing mitochondrial
remnants were observed in the substantia nigra of
these mice early on, followed by later degeneration
of dopaminergic neurons. Genetic deletion of either
PINK1 or PRKN in these mice exacerbated this
phenotype, suggesting an important role of impaired
mitophagy in the context of a-synuclein pathology.
Overexpressing human wild-type and A53T mutant
a-synuclein in yeast cells reduced their life span
along with increased autophagy and mitophagy
activities [66]. This pathway was regulated by
ATG32 through sirtuin 2 (SIRT2) and may provide
a possible link between a-synuclein-induced toxicity
and aging. Dynamin-related protein 1 (DNM1L/
DRP1), a mitochondrial fission protein, and OPAA1,
a mitochondrial fusion protein, appeared to be
protective against a-synuclein-induced mitochon-
drial fragmentation and mitophagy activation in
dopaminergic SH-SY5Y cells [67].

In spite of a-synucleins synaptic localization under
healthy, physiological conditions, cellular stress and
disease conditions appeared to trigger a-synuclein
translocation to the inner mitochondrial membrane,
where it interacted with the mitochondrial complex I.
This interaction caused a reduction in complex |
activity and increased free radical production in vivo
[68]. Further examination of dopaminergic neurons
in transgenic mice overexpressing A53T a-synuclein
demonstrated monomeric and oligomeric mutant a-
synuclein localized to mitochondrial membranes,
which was associated with increased mitophagy
upon proteasomal inhibitory stress [68]. Oligomeric,
dopamine-modified, and phospho-mimetic o-synu-
clein species were later reported to bind with high
affinity to the mitochondrial protein TOMM20 in the
postmortem PD brain and PD animal models. This
strong binding prevented the interaction of TOMM20
with its coreceptor, TOMM22, and impaired mito-
chondrial protein import, thus leading to deficient
mitochondrial respiration, enhanced production of
reactive oxygen species, and loss of mitochondrial
membrane potential [69]. The aberrant a-synuclein-
TOMMZ20 interaction may further trigger the activa-
tion of mitophagy. In addition to a-synuclein mis-
sense mutations, a distinct highly neurotoxic -
synuclein species named “pa-syn*” was recently
identified in primary neurons seeded with a-synu-
clein fibrils, in mouse brains and in autopsied brains
from PD patients [70]. Pa-syn* was a truncated
phosphorylated a-synuclein species resulting from
incomplete autophagic degradation of a-synuclein.
Pa-syn* colocalized with heat shock protein family A
member 5 (HSPA5), a master regulator of the
unfolded protein response, at mitochondria-asso-
ciated ER membranes where it induced structural

and functional damage and resulted in mitochondrial
fission and enhanced mitophagy.

Collectively, emerging evidence from cell cultures,
animal models, and human postmortem studies
indicate strong interference of high levels of wild-
type or mutant and modified a-synuclein species
with autophagy, CMA, and mitophagy pathways.

LRRK2

Genetic mutations in the Leucine-rich repeat
kinase 2 (LRRK2) account for the majority of
autosomal dominant cases in PD. The G2019S
and R1441C LRRK2 mutants are the most common
pathogenic variants and responsible for more than
5% of familial PD cases [71]. The encoded protein
LRRK2 has two distinct enzymatic domains: the
kinase domain to catalyze phosphorylation and the
Ras of complex (Roc)-GTPase domain for GTP-
GDP hydrolysis. Pathogenic mutations of LRRK2
severely alter its expression levels [72] and/or kinase
activity [73—75]. LRRK2 is primarily localized in
membrane microdomains, multivesicular bodies,
and autophagic vesicles and involved in several
cellular signaling pathways, including autophagy,
neurite outgrowth, vesicular trafficking, and cytoske-
letal maintenance [76].

Previous studies have implicated LRRK2 in the
lysosomal system. Aged LRRK2 knockout rodent
models exhibited increased levels of lysosomal
proteins in the periphery [77] and age-dependently
accumulated enlarged lysosomes containing lipo-
fuscin in the kidney [77—79]. Recently, LRRK2 has
been connected to regulate lysosomal function via
its kinase activity toward several RAB GTPases [80].
Chloroquine-induced lysosomal overload led to
translocation and activation of endogenous LRRK2
onto the lysosomal membrane through the mediation
of upstream adaptor RAB7L1. In turn, LRRK2
stabilized its substrates RAB8A and RAB10 on
lysosomes through their phosphorylation and further
regulated lysosomal homeostasis [80]. Pharmacolo-
gical inhibition of LRRK2 kinase resulted in reduced
localization of a-synuclein in RAB35-positive com-
partments and might facilitate a.-synuclein clearance
via increased trafficking to the lysosome [81].

Autophagic dysregulation in the context of PD-
associated LRRK2 mutations has been reported in
different animal models in several independent
studies. Immunohistochemical analysis of human
brain sections revealed LRRK2 positive cytoplasmic
puncta that corresponded to autophagic vacuoles
[82]. LRRK2 G2019S knockin mice showed elevated
LC3-1l levels [83]. Differentiated SH-SY5Y cells
expressing the LRRK2 G2019S mutation exhibited
a striking increase in autophagic vacuoles in both
neuronal neurites and soma in addition to elevated
LC3-1l levels [84]. Neuritic autophagy in LRRK2
G2019S mutants was mediated via the mitogen-
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activated protein kinase/extracellular signal-regu-
lated protein kinase (MAPK/ERK)-related signaling.
Similar findings were shown in LRRK2 G2019S
mutant fibroblasts, which underwent cell death likely
triggered through apoptosis [85]. Compared to cells
from nonmutant carriers, these fibroblasts were
more sensitive to the parkinsonian toxin 1-methyl-
4-phenylpyridinium ion (MPP+)-induced mTOR-
dependent autophagy [86], emphasizing the syner-
gistic contribution of genetic and environmental
factors to PD etiology. In another cellular model,
expression of the LRRK2 R1441C mutation caused
the accumulation of large autophagic vacuoles and
multivesicular bodies containing incompletely
degraded material along with increased levels of
the autophagic receptor p62/SQSTM1 [82]. Collec-
tively, the above experiments indicate the deleter-
ious effects of LRRK2 gain-of-function mutations on
autophagy through different mechanisms.

Similar to a-synuclein, wild-type LRRK2 can be
selectively degraded by CMA. One of eight putative
CMA-targeting motifs in the LRRK2 protein is
required for binding to the chaperone protein
HSC70 [87]. This degradation pathway is compro-
mised in the presence of pathogenic LRRK2 muta-
tions or high concentrations of wild-type LRRK2.
Still, the mechanism of LRRK2-mediated CMA
inhibition is different from that of a-synuclein. Instead
of increased binding to lysosomal membranes as
seen with mutant a-synuclein, both LRRK2 G2019S
and R1441G blocked the formation of the CMA
translocation complex at the lysosomal membrane
by inducing LAMP2A and HSC70 accumulation.
This was shown in neuronal cultures and LRRK2
transgenic mice, as well as in human iPSC—derived
dopaminergic neurons and autopsy brain from PD
patients with LRRK2 mutations [87,88]. Moreover,
as a result of LRRK2-induced CMA blockade, -
synuclein degradation was inhibited, and accumula-
tion of oligomeric a-synuclein could be detected in
the striatum and cortex of aged LRRK2 R1441G
knockin mice compared to age-matched wild-type
controls [88].

In addition to effects on general autophagy and
CMA, LRRK2 mutations were also reported to affect
mitophagy. LRRK2 G2019S was shown to stimulate
mitophagy in several cellular models through direct
interaction with ULK1, an essential regulator of
autophagy [89]. Moreover, LRRK2 interacted with
endogenous MKK4/7 and JIP3 and cooperatively
mediated JNK signaling, which was suggested to be
partially involved in LRRK2-mediated mitophagy
induction. Expression of either LRRK2 G2019S or
R1441C mutant in mouse cortical neurons dysregu-
lated calcium homeostasis, leading to enhanced
mitophagy and dendrite shortening [90]. The same
group later showed that this pathway was mediated
by transcriptional upregulation of the mitochondrial
calcium uniporter (MCU) and the mitochondrial

calcium uptake 1 protein (MICU1) through activation
of the ERK1/2 pathway [91]. Both a direct binding to
and phosphorylation of BCL-2, a mitochondrial
antiapoptotic protein, at threonine 56 by LRRK2
G2019S mutant was required for the mutant-induced
mitochondrial depolarization and mitophagy [92].
Expression of the phospho-dead T56A BCL2 mutant
corrected the autophagic damage and neuronal
injury induced by LRRK2 G2019S. Furthermore,
LRRK2 G2019S directly bound to and phosphory-
lated the fission factor DRP1 at threonine 595,
leading to augmented mitochondrial fragmentation
and excessive DRP1-mediated mitophagy in both
cells expressing LRRK2 G2019S and in PD patient
fibroblasts carrying the mutation [93]. Using live-cell
imaging with a pH-sensitive Rosella biosensor probe
to reflect the lysosomal breakdown of mitochondria,
two more recent studies from the same group
reported reduced mitophagy rates in fibroblasts
carrying the LRRK2 G2019S mutation compared to
cells isolated from healthy control subjects. Mechan-
istic analysis of these fibroblasts showed reduced
numbers of mature autophagosomes [94] and
impaired interactions between PRKN, DRP1, and
their mitochondrial targets early during mitophagy
activation attenuated PINK1-PRKN-directed mito-
phagy [95]. While wild-type LRRK2 promoted the
removal of the mitochondrial transport factor
RHOT1/Miro1 by forming a complex with it, LRRK2
G2019S disrupted this, slowed Miro removal and
mitochondrial arrest, and delayed subsequent mito-
phagy [96]. However, others reported a “docking
function” for Miro1 and that its reduction led to
reduced PRKN recruitment to and degradation of
damaged mitochondria [97]. Most recently, LRRK2
was shown to regulate PINK1-PRKN-dependent
mitophagy via its substrate RAB10, which bound to
the autophagy receptor optineurin (OPTN) and
promoted its accumulation on depolarized mitochon-
dria [98]. Enhanced phosphorylation of RAB10 in
LRRK2 mutant patient cells impaired mitophagy,
which was rescued by knockdown of LRRK2 or
inhibition of its kinase activity.

In summary, LRRK2 pathogenic mutations can
block CMA, stimulate autophagy, or stall the flux of
autophagy and mitophagy at several steps along the
pathways. LRRK2 also influences lysosomes, and
recent studies further indicate a critical involvement
of LRRK2 in the emerging field of synaptic autop-
hagy, as discussed below.

PINK1 and PRKN

Homozygous or compound heterozygous muta-
tions in the PTEN-induced kinase 1 (PINK1) [99] and
in PRKN (aka PARK2 or Parkin) [100] have been
identified as the most common causes of autosomal
recessive early-onset PD [101], with overall frequen-
cies of 1-9% for PINK1 depending on the ethnicity
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[16] and nearly 50% for PRKN in young PD patients
(<40 years old) [102,103]. Importantly, both proteins
are functionally connected and jointly regulate
selective mitochondrial autophagy [104]. PINK1 is
a mitochondria-targeted kinase and constantly sur-
veils mitochondrial health. Upon mitochondrial
depolarization, PINK1 is stabilized on the outer
membrane of damaged mitochondria and then
phosphorylates both the small modifier protein
ubiquitin (Ub) and the Ub E3 ligase PRKN each at
their conserved serine 65 (Ser65). This activates
and recruits PRKN to damaged mitochondria, where
it provides additional Ub moieties for PINK1-depen-
dent phosphorylation in a feedforward loop that
further amplifies PINK1 and PRKN activities
[105—107]. As a result, phosphorylated Ub chains
(p-Ser65-Ub) decorate the outer membrane of
damaged mitochondria and serve as a selective
tag for the recognition by autophagy receptors and
subsequent degradation via the autophagy-lysoso-
mal pathway [104,108—110].

PINK1 mutations with complete loss of function
and heterozygous PINK1 or PD-related PRKN
mutations abolish or hamper the activation of the
PINK1-PRKN dependent mitophagy pathway. This
is in line with our recent study showing absence or
reduced mitophagy tag p-Ser65-Ub in the substantia
nigra of postmortem PD brains with PINK1 or PRKN
mutations [22,23]. Reduced mitophagy leads to the
accumulation of damaged mitochondria and possi-
bly to neuronal death. Since dopaminergic neurons
are particularly vulnerable to mitochondrial dysfunc-
tion [14,15], PINK1 or PRKN mutations that result in
reduced mitophagy function may contribute to the
selective neurodegeneration in the substantia nigra.
In addition to early-onset PD, reduced activities of
either enzyme may also contribute to later onset PD
or may at least modify rates of progression and
clinical phenotypes [111,112]. Interestingly, the
neuropathological examination of PINK1 and
PRKN mutation carriers often report the absence of
LBs, the hallmark of PD pathology [113]. Earlier
studies have shown reduced PRKN solubility in
postmortem brains of aged individuals and PD
patients [114—116], which could add to mitophagy
impairment in sporadic PD. However, instead of
decreased levels of p-Ser65-Ub, we detected
selective increases of the mitophagy tag in the
substantia nigra and hippocampus of sporadic PD
cases [22,23]. p-Ser65-Ub positive granules coloca-
lized with mitochondrial and lysosomal markers and
were frequently found adjacent to LBs and phospho-
tau tangles. Numbers of p-Ser65-Ub positive cells
increased with age and PD and strongly correlated
with levels of LBs and tau tangles. In the absence of
PINK1 and PRKN mutations, accumulation of the
otherwise transient mitophagy tag p-S65-Ub in PD
brains suggests either increased mitochondrial
damage and/or decreased autophagic flux, both of

which likely contribute to a generally overwhelmed
mitochondrial turnover.

While studies of PINK1-PRKN directed mitophagy
in human PD brain remain scarce, rigorous efforts in
cellular or animal models have elegantly detailed the
mechanisms underlying this pathway. Initial studies
using PINK1 or PRKN mutant Drosophila exhibited
obvious phenotypes, including mitochondrial mor-
phological abnormalities, locomotor defects, loss of
dopaminergic neurons, muscle degeneration, and
reduced life span [117,118]. A later proteomic study
in Drosophila revealed significantly reduced turnover
rates of mitochondrial proteins and mitochondrial
respiratory chain subunits in PRKN and PINK1
mutants [119]. The mitochondrial axonal transport
machinery mediated through Miro protein was also
impaired in PINK1 mutant flies [120]. Other sub-
strates of PINK1 or PRKN, such as the mitochondrial
chaperone TNF receptor-associated protein 1
(TRAP1) [121] and the mitochondrial protein BCL2
interacting protein 3 like (BNIP3L) [122], were found
to act downstream to induce mitophagy and may be
associated with PD pathogenesis. In contrast to flies,
PINK1 or PRKN deletion in mouse models exhibited
only subtle behavioral phenotypes [123—127]. Yet,
PRKN deletion still resulted in reduced striatal
synaptic excitability and plasticity, impaired dopa-
mine release, and nigrostriatal deficits [125,127].
PINK1 deletion also caused the failure of striatal
mitochondrial respiration and increased sensitivity to
oxidative stress [128]. Mitochondrial proteins
responsible for energy metabolism and membrane
potential were significantly altered in PINK1 knock-
out mice [129]. Similar to the human condition,
midbrain from these mice was most susceptible to
the defective mitochondrial turnover and oxidative
stress, whereas cortex and striatum could compen-
sate for mitophagy dysfunction by feedback stimula-
tion of other catabolic programs [129]. As PD-like
phenotypes were absent in PRKN knockout mice at
baseline, the importance of PRKN as an essential
mitophagy regulator was further addressed in a
mouse model with the accumulation of dysfunctional
mitochondria due to accelerated generation of
mtDNA mutations (mutator mice) [130]. Consistent
with the idea of a stress-induced pathway, selective
loss of dopaminergic neurons in the substantia nigra
was only found in aged PRKN-deficient mutator
mice, but not in either single model alone. Note-
worthy, the motor deficit in PRKN-mutator mice
could be reversed by L-DOPA treatment.

With a better understanding of the PINK1-PRKN
mitophagy pathway, emerging studies focus on how
PD-associated mutations and PTMs of PINK1 and
PRKN affect mitophagy and induce a PD phenotype.
Depending on the exact mutation and their localiza-
tion within the PRKN protein, expression of mutants
in SH-SY5Y or Hela cells led to mitophagy defects
due to disruption at recognition, transport,
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aggregation or ubiquitination of damaged mitochon-
dria [131—138], thereby implicating dysfunctional
mitophagy in the development of PRKN-related
parkinsonism. Meanwhile, several PD-linked PINK1
mutations showed impaired stabilization, enzymatic
activity, or binding to PRKN, thereby interfered with
PRKN translocation and mitophagic execution
[111,135,139—141]. Upon mitochondrial depolariza-
tion, iPSC derived dopaminergic neurons from PD
patients with nonsense or missense mutations in the
PINK1 gene showed impaired recruitment of over-
expressed PRKN to mitochondria, increased mito-
chondrial copy number, and upregulated PPARG
coactivator 1 alpha (PPARGC1A), an important
regulator of mitochondrial biogenesis. These altera-
tions could be corrected by lentiviral expression of
wild-type PINK1 in mutant iPSC-derived PINK1
neurons [142]. In both mammalian cells and Droso-
phila, PINK1 mutations in the kinase domain failed to
induce PRKN translocation to mitochondria and to
induce mitochondrial aggregation [111,140,143].
Dopaminergic neurons derived from iPSCs with
PRKN or PINK1 mutations also showed reduced p-
Ser65-Ub signal and compromised mitophagy flux
[144]. iPSC-derived dopamine neurons with mt-
Keima confirmed neuronal mitophagy impairment
in PRKN mutation carriers [145]. In addition, specific
posttranslational modifications on PINK1 and PRKN
can greatly alter their normal function and mimic
genetic mutations [115,146,147]. Mitochondrial
insults simulated age- or environmental-related
stress and led to increased S-nitrosylated PINK1,
thereby inhibiting its kinase activity [146]. S-nitrosy-
lated PINK1 decreased PRKN translocation to
mitochondrial membranes, disrupted mitophagy,
and subsequently, led to cell death in cell lines and
human iPSC-derived neurons. This modified PINK1
was also present in the brains of a-synuclein
transgenic mice, indicating a pathophysiological
relevance for PD [146]. In addition, the neurotrans-
mitter dopamine covalently modifies PRKN in living
dopaminergic cells. This modification was shown to
decrease PRKN solubility and inactivate its E3
ubiquitin ligase function [115]. More importantly,
catechol-modified PRKN was only detected in the
substantia nigra but not in other regions of the
normal human brain, suggesting a mechanism for
the progressive loss of PRKN function in dopami-
nergic neurons during aging and sporadic PD [115].
In all, PINK1-PRKN dependent mitophagy pathway
is essential for maintaining the timely turnover of
damaged mitochondria, and its impairment likely
contributes to the pathogenesis of both familial and
sporadic PD.

GBA

The initial observation of a higher incidence of PD
in families with Gaucher disease, a lysosomal

storage disorder (LSD) caused by the deficiency of
the glucocerebrosidase enzyme (GCase), has led to
the identification of heterozygous mutations in GBA
as important and common risk factors for sporadic
PD [16]. The encoded lysosomal enzyme is strongly
involved in sphingolipid metabolism [148]. This
discovery further strongly links autophagy-lysosomal
dysfunction with PD pathogenesis. Furthermore,
there is a bidirectional effect of GCase and a-
synuclein in the form of a positive feedback loop
[149]. Functional loss of GCase induced by PD-
related GBA mutations in primary cultures or human
iPSC neurons compromised lysosomal protein
degradation, caused accumulation of a-synuclein,
and resulted in neurotoxicity through aggregation-
dependent mechanisms [149,150]. The GCase
substrate glucosylceramide (GlcCer), influenced
the aggregation of a-synuclein in vitro by stabilizing
soluble oligomeric intermediates. In turn, overex-
pression of a-synuclein inhibited the lysosomal
activity of normal GCase in neurons and idiopathic
PD brain, further propagating this pathogenic loop.
Intact lysosomal function and proper degradative
capacity are critical for autophagic flux, and thus,
PD-related pathogenic GBA mutations also disrupt
the autophagy machinery. In primary mouse neu-
rons and PD patient-derived fibroblasts, GBA muta-
tions compromised autophagic lysosome
reformation, a cellular process to recover functional
lysosomes from autolysosomes formed during
autophagy, possibly due to reduced mTOR activity
[151]. This defect was accompanied by elevation of
PD-related disease markers, including total and
phosphorylated (Ser129) monomeric a-synuclein,
as well as amyloid oligomers [151]. To further study
the molecular mechanisms in a more disease-
relevant cellular model, ten independent iPSC lines
from controls and unrelated PD patients heterozy-
gous for the GBA N370S mutation were used [152].
In differentiated dopaminergic neurons, two ER-
resident chaperones, HSPA5 and calreticulin
(CALR), were significantly upregulated in GBA
N370S cells compared to controls, suggesting the
activation of ER stress. This likely contributed to the
observed increase of LC3-ll, the accumulation of
autophagosomes, and the upregulation of key
autophagy regulator BECN1 in GBA N370S mutant
neurons. Increased basal levels of LC3-1l were also
found in GBA-PD iPSC-derived dopaminergic neu-
rons when compared to regular and isogenic
controls [153]. Inhibition of lysosomal degradation
by leupeptin and ammonium chloride revealed a
significant reduction in autophagic flux in GBA-PD
neurons. Moreover, the decreased colocalization
between LC3- and LAMP1-positive vacuoles in
GBA-PD neurons suggested an impaired autopha-
gosome-lysosome fusion in GBA mutant neurons.
A functional autophagy pathway is one of the key
determinants for the effective turnover of damaged
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mitochondria via mitophagy. This protective pathway
plays an important role in maintaining mitochondrial
health. Several studies reported both mitochondrial
dysfunction and autophagy defects in GBA knockout
mice and in cellular models of Gaucher disease
[154—157]. Therefore, PD-associated heterozygous
GBA mutations may, as well, induce aberrant
mitophagy in PD. A dual mechanism of the GBA
L444P mutation-induced mitophagy defect has been
demonstrated in primary hippocampal neurons from
heterozygous GBA L444P knockin mouse brains
and corroborated in postmortem brain tissue from
PD patients carrying heterozygous GBA mutations
[155]. Compared to controls, heterozygous GBA
L444P neurons and tissue showed both impaired
mitochondrial priming and reduced efficacy of
autophagy-lysosomal degradation, which together
led to mitophagy defect and accumulation of
mitochondrial content. Impaired mitochondrial func-
tion and mitophagy were also found in a recent study
using iPSC-derived neurons from GBA-PD patients
compared to isogenic controls, along with a sig-
nificant reduction of the mitophagy adaptor protein
BNIP3L/NIX and increased ER stress [158]. More-
over, NAD + might play a role in maintaining
mitochondrial biogenesis and quality control. The
NAD + precursor nicotinamide riboside significantly
ameliorated this cellular abnormality and increased
mitophagy in patient neurons [158].

Other PD genes

Several other PD genes have been implicated in
aberrant autophagy regulation and may contribute to
PD phenotype and pathogenesis. Mutations in
vacuolar protein sorting 35 (VPS35) are linked to
autosomal dominant PD [159,160]. VPS35 is a
component of the retromer complex. It mediates
endosome-to-Golgi retrograde protein sorting [161]
and is critical for the endosomal recruitment of the
WASH complex [162], a protein complex that
facilitates protein sorting [163,164]. Reduced
VPS35 mRNA levels were shown in the nigra
dopaminergic neurons of PD patients [165,166].
Several animal models have linked VPS35 defi-
ciency or mutation to PD-related behavior and
pathological changes, including a-synuclein accu-
mulation in dopaminergic neurons, reduced dopa-
mine release, nigral neurodegeneration, and
locomotor deficits [162,166,167]. Additionally, the
expression of D620N VPS35, the most common PD
mutation, or VPS35 downregulation-induced
robustly hyperphosphorylated and conformation-
specific tau pathology in mouse brain [168,169].
VPS35 deficiency-induced behavior impairment and
tau accumulation could be rescued by VPS35
overexpression in a CTSD activity-dependent man-
ner [169]. The critical role of VPS35-mediated
lysosomal function in tau metabolism and neuro-

pathology also extends to atypical parkinsonism
[169], where reduced VPS35 levels were detected in
brains of Progressive Supranuclear Palsy cases. On
the molecular level, compared to wild-type VPS35,
cells with D620N mutant restricted WASH complex
recruitment to endosomes and caused abnormal
trafficking of the autophagy protein ATG9A and
defective autophagosome formation [162]. VPS35
deficiency or mutation was further suggested to
reduce a-synuclein degradation and promote PD
pathogenesis through impairing CMA in dopaminer-
gic neurons via restricting endosome-to-Golgi retrie-
val of LAMP2A and accelerating LAMP2A
degradation [167]. Interestingly, VPS35 expression
reversed phenotypes of PRKN, but not PINK1
knockout in Drosophila [170].

The autosomal recessive PD gene PARK7
encodes the protein deglycase DJ-1 that has several
important functions in mitochondrial physiology,
protein translation, proteasome regulation, and
chaperone activity [171,172]. DJ-1 knockdown in
microglia not only increased the microglia-induced
toxicity toward dopaminergic neurons but also
impaired autophagy-dependent degradation of p62/
SQSTM1 and LCS3 proteins and reduced a-synuclein
phagocytosis by microglia [173]. DJ-1 deficiency in
SH-SY5Y cells exacerbated PD-toxin-induced
autophagic inhibition and apoptotic cell death [174].
In contrast, DJ-1 overexpression in cultured dopa-
minergic cells or in the substantia nigra of rat brains
protected against another PD toxin, rotenone, and
apoptotic cell death. This protective function was
mediated through enhancing ERK-dependent autop-
hagy [175]. High levels of DJ-1 immunoreactivity
were reported in astrocytes-surrounding neurons
with pathology in idiopathic PD [176], possibly
reflecting the glial response to oxidative damage.
Along this line, overexpression of astrocytic DJ-1
protected rats from rotenone-induced neurodegen-
eration through enhancing CMA [176]. Consistently,
DJ-1 deficiency in SH-SY5Y cells or PD animal
models aggravated a-synuclein aggregation through
CMA inhibition. This provides further evidence of the
molecular interaction between DJ-1 and the CMA
pathway [177]. Other studies also demonstrated that
DJ-1 acted downstream of, or in parallel to, PINK1-
PRKN mitophagy to maintain mitochondrial integrity
[178—180].

Proteins encoded by other parkinsonism-asso-
ciated genes, such as F-box protein 7 (FBXQO7)
[181], ATPase cation transporting 13A2 (ATP13A2)
[182], and vacuolar protein sorting 13 homolog C
(VPS13C) also play roles in regulating autophagic
functions. The ATP13A2 protein is a lysosomal type
5 P-type ATPase. ATP13A2 mutations or reduced
ATP13A2 levels acted as a negative regulator of the
autophagic-lysosomal pathway, impaired lysosomal
function in dopaminergic neurons, and induced a-
synuclein accumulation and subsequent neurotoxic
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effects [183—185]. This inhibitory function of
ATP13A2 was mediated through regulating another
PD-associated gene (SYT11) at both transcriptional
and posttranslational levels by a mechanism depen-
dent on MYCBP2-induced ubiquitination of TSC2.
This, in turn, led to mTORC1 activation, decreased
TFEB-mediated transcription of SYT11, and
increased SYT11 protein turnover regulated by
ubiquitination and degradation [186]. A recent
study showed that ATP13A2 also recruited the
histone deacetylase 6 [HDAC6] to lysosomes to
deacetylate cortactin and promote autophagosome-
lysosome fusion and autophagy [187]. FBXO7
deficiency or mutations inhibited mitophagy, while
FBXO7 overexpression facilitated PRKN transloca-
tion and mitophagy through direct interaction with
PRKN [188,189]. Homozygous or compound hetero-
zygous truncating mutations in VPS13C have
recently been associated with a distinct form of
early-onset parkinsonism that was characterized by
rapid and severe disease progression and early
cognitive decline. Partially localizing on the outer
mitochondrial membrane, VPS13C closely regulated
mitochondrial membrane potential, mitochondrial
fragmentation, as well as PINK1-PRKN dependent
mitophagy and transcriptional regulation of PRKN
[190].

More recently, a GWAS study showed that several
common variants in sporadic PD were components
of the autophagic-lysosomal pathway [8]. Another
independent study demonstrated an excessive
burden of rare, likely damaging LSD gene variants
associated with PD risk [191]. 56% of PD patients
carried at least one putative damaging variant in an
LSD gene, and 21% carried multiple alleles. As
described earlier, autophagic defects were promi-
nent in the PD postmortem brain. The general
dysfunction in cellular clearance in the PD brain
also extends to the impairment of different lysosomal
components [192]. The collective data suggest
remarkable similarities between PD and LSD at
both genetic and biochemical levels, indicating a
pathological overlap between both disorders. Homo-
zygous mutation carriers in LSDs develop disease
phenotype very early in life with rapid disease
progression. PD cases with heterozygous lysoso-
mal-related variants may represent a form of mild
LSD with slower disease progression and mild
disease phenotypes that do not reveal themselves
unless additional stressors, including age, are
present. The lysosomal proteases CTSD and
cathepsin B (CTSB) were among the recently
discovered new candidate PD susceptibility genes
[8,191]. A mouse model of CTSD deficiency exhib-
ited impaired macroautophagy and reduced protea-
some activity, as well as extensive endogenous o-
synuclein accumulation in neurons [193]. Conver-
sely, overexpression of CTSD, but not CTSB or
cathepsin L (CTSL), was protective against a-

synuclein aggregation and a-synuclein-induced
dopaminergic neurodegeneration in C. elegans.
Similar results were also observed in neuroglioma
and neuroblastoma cells [193]. A later study
suggested that partial loss of CTSD activity is
already sufficient to impair the degradation of
internalized exogenous a-synuclein aggregates, as
well as to accelerate their transcellular transmission
and secretion compared to wild-type cells [194].
Although the aspartyl protease CTSD plays an
important role in a-synuclein metabolism and clear-
ance, purified lysosomal extracts combined with
liquid chromatography—mass spectrometry analysis
revealed that CTSD alone could not degrade o-
synuclein and prevent fibril formation in vitro [195]. In
contrast, the cysteine proteases CTSB and CTSL
cleaved a-synuclein within its amyloid region to
prevent protein aggregation.

Together with the genetic evidence from GWAS,
the above described functional studies in cell and
animal models, as well as postmortem PD brains,
confirmed the involvement of these PD-related
genes in regulating various autophagy pathways
and lysosomal functions.

Synaptic Homeostasis and Autophagy
in PD

Itis noteworthy that a link between autophagic and
synaptic vesicle trafficking is emerging in PD
[45—50]. Although the normal functions of a-synu-
clein remain unclear, recent studies suggest a role
as a physiologic attenuator of a synaptic vesicle (SV)
recycling through interactions with synapsins and
vesicle-associated membrane protein 2 (VAMP2)
[196,197], where a-synuclein facilitated SV cluster-
ing and restricted SV mobility [198,199]. a-synuclein
was also shown to promotes SNARE-complex
assembly [200], which required its both N-terminal
and C-terminal sequences for this physiological
function but not for its neuropathological effects
[201].

As mentioned above, multiple members of the RAB
family of small GTPases, including RAB8, RAB10,
RAB12, are physiological substrates of LRRK2 [202].
These RAB GTPases are critical regulators of
membrane trafficking and have important roles in
autophagy, synaptic vesicle recycling, and sorting
[203—205], which are crucial for local autophagy at
the presynaptic compartment (synaptic autophagy),
as well as to sort and deliver synaptic membrane
proteins to lysosomes [46,47]. In fact, synaptic
autophagy is essential for the timely removal of
aggregated proteins at the presynaptic compartment,
which is especially important for the survival of the
extremely ramified dopaminergic neurons [45]. PD
models with pathogenic LRRK2 mutations showed
both impaired autophagy and synaptic defects [206],
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which may result from the abnormal phosphorylation
of RAB GTPases. Additionally, LRRK2 phosphory-
lated endophilin A1 (EndoA) at threonine 73 and
serine 75, acting as a switch to control EndoA to form
high curvature membrane zones in synaptic autop-
hagy [207]. Moreover, LRRK2 was also shown to
phosphorylate a binding partner of EndoA, synapto-
janin 1 (SYNJ1) [208,209]. PD-related pathogenic
LRRK2 mutations significantly increased the phos-
phorylation at these sites, interfered with its interac-
tion with Endo A, and disrupted synaptic vesicle
endocytosis [208,209]. SYNJ1 itself also played a
role in the regulation of synaptic autophagy, which
required its SAC1 domain to dephosphorylate PI(3)
P/PI1(3,5)P> and release WIPI2/ATG18A for autop-
hagosome formation at presynaptic terminals [210].
Moreover, LRRK2 has been shown to bind Dynamin
1 (DNM?1) [211], another presynaptic protein involved
in regulating clathrin-mediated endocytosis, via its C-
terminal WD40 domain [212] and phosphorylate
DNM?1 in vitro [211]. Auxilin and RME-8 are cocha-
perones that affect later steps of endocytosis and
HSC70-dependent autophagy processes at
synapses [213—215]. A recent study has demon-
strated that LRRK2 mediated phosphorylation of
auxilin in its clathrin-binding domain at serine 627
[216]. Disrupted synaptic vesicle endocytosis and
decreased synaptic vesicle density in LRRK2 mutant
iPSC-derived dopaminergic neurons were partially
attenuated by restoring auxilin function [216]. LRRK2
has also been functionally linked to VPS35 involved
in protein recycling [217]. Compare to the wild-type,
VPS35 D620N strikingly elevated LRRK2 kinase
activity toward RABs in mouse fibroblasts tissues, as
well as in PD patients [218]. In a Drosophila model,
VPS35 and LRRK2 were shown to cooperatively
regulate synaptic endocytosis and SV regeneration
through the RAB-mediated endocytic pathway [219].

Also, PRKN has been implicated in various
aspects of synaptic function [220]. PRKN was
shown to bind to the EndoA SH3 domain through
its Ub-like domain with a similar affinity as EndoA
binds to SYNJ1 [221]. Of note, EndoA, SYNJI1,
DNM1, and VPS35 are all ubiquitinated by PRKN at
nerve terminals [221—223], which potentially may
modulate presynaptic dopamine release and reup-
take [220], as well as SV endocytosis [47]. Given the
synaptic localization of PRKN and mitochondria,
mitophagy may, as well, occur in the synaptic
compartment [224]. While controversial results
were reported, one study described local mitophagy
following selective damage of a subset of mitochon-
dria in hippocampal axons. This axonal mitophagy
required PINK1-dependent PRKN and LC3 recruit-
ment to damaged mitochondria. Moreover, muta-
tions or variants in many genes encoding synaptic
proteins SNCA, EndoA, SYNJ1, auxilin, and RME-8
are all risk factors for PD [47], suggesting a central
role of impaired synaptic homeostasis in PD

pathogenesis. All of the above suggest that the
normal function of many PD-related genes play a
critical role in maintaining synaptic autophagy.

Impact of Impaired Autophagy on PD-
related Phenotypes

As described above, PD-associated mutations
strongly impair various steps of several autophagy
signaling pathways. In turn, autophagy deficiency or
blockade of flux not only dysregulates functions of
proteins encoded by PD genes but also exacerbates
a-synuclein and tau pathology, forming a bidirec-
tional pathogenic loop (Fig. 2). In several studies,
mice with cell-specific deletion of the essential
autophagy gene ATG7 in midbrain dopamine neu-
rons developed p62/SQSTM1 and Ub labeled
inclusions, dystrophic dendrites, and reduced striatal
dopamine levels, as well as dopamine neuron
degeneration and locomotor impairments
[225—227]. In CNS-specific ATG7 knockout mice,
the accumulation of a-synuclein and LRRK2 proteins
was found in presynaptic terminals [225]. In a
zebrafish model treated with 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), levels of another
autophagy-related protein ATG5 were decreased,
and autophagy flux was blocked, which led to
upregulation of B-synuclein, PRKN, and PINK1
[228]. In addition, these zebrafish exhibited locomo-
tor deficits and dopamine neuron loss. ATG5 over-
expression was able to rescue these PD
phenotypes. A recent report demonstrated the
opposing effects of autophagy impairment in dopa-
mine neurons on PD pathology and behavior [229].
Similarly, the conditional knockout of ATG7 only in
dopamine neurons of mice led to p62/SQSTM1-
positive LB-like aggregates and selective neuronal
loss in the nigra. Surprisingly, a-synuclein over-
expression-induced PD-like behavior impairment
was improved in these ATG7 deficiency mice,
which was likely due to the reduced dopamine
uptake and increased extracellular dopamine
release as a possible compensatory response [229].

With respect to the role of impaired CMA for PD
related phenotypes, two independent studies showed
that CMA inhibition led to the accumulation of soluble
high molecular weight, detergent-insoluble species of
a-synuclein [230] or a-synuclein and Ub double-
positive inclusions in rat nigra neurons [231]. This
CMA defect in rats caused PD-like phenotypes, such
as progressive loss of dopaminergic neurons and
reduced striatal dopamine levels, as well as motor
deficits [231]. In addition to inhibiting autophagy via
knocking down autophagy-related genes, neuromela-
nin that usually accumulates in dopamine neurons in
the human substantia nigra during aging was recently
reported to induce failures in autophagy and the Ub-
proteasome system [232]. This general impairment of
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Fig. 2. The multidirectional forward loop of PD-related genes, autophagy function, and PD pathology. A variety
of PD-related genes and encoded proteins are functionally linked to the autophagy pathway. Disease-associated
mutations strongly impair the initiation and flux of this essential degradation process. In turn, autophagy defects
dysregulate gene transcription and translation of encoded proteins, as well as their downstream signaling pathways or
enzymatic activities. In addition, autophagy deficiency or blockage of autophagic flux increases oligomerization or
aggregation of a-synuclein and tau proteins in the PD brain. This will exacerbate levels of autophagy dysfunction and
results in a pathological feedforward loop that will also interfere with the physiological functions of other essential proteins.

proteostasis in neuromelanin-containing cells was
associated with hypokinesia, early dopaminergic
dysfunction, striatal axonal damage, LB-like formation,
and nigrostriatal neurodegeneration in a unique
tyrosinase-overexpressing rat model that produced
human-like neuromelanin in dopamine neurons at
levels similar to elderly humans. Enhancing lysosomal
proteostasis by overexpressing nuclear TFEB within
nigra neurons was able to reduce intracellular
neuromelanin and rescue PD-like phenotypes in the
animals [232].

Biomarkers to Detect Early Autophagic
Changes in PD

Since many studies have highlighted the pivotal
role of autophagy impairment in a-synuclein accu-
mulation and neurodegeneration in PD, autophagy
pathway members have great potential to serve as
disease markers for early PD detection. Several
studies examined autophagy markers in peripheral
blood mononuclear cells (PBMC) of patients with
sporadic PD and compared to healthy subjects.
Reduced levels of HSC70, LAMP2, and increased

levels of LC3-lIl have been reported [233—236],
suggesting a systemic autophagy alteration in PD
patients. Later, a whole-transcriptome analysis using
PBMC of PD patients revealed mRNA downregula-
tion of six core autophagy regulators (Unc-51-like
kinase 3 [ULK3], ATG2A, ATG4B, ATG5, ATG6LT,
and HDACG6) but upregulated protein levels of
upstream autophagy markers (ULK1, BECN1, and
autophagy and beclin 1 regulator 1 [AMBRA1]),
possibly as a negative feedback of mMRNA expres-
sion for these proteins [237]. Increased protein levels
of these autophagy markers correlated with o-
synuclein elevation in PBMCs. The amount of
oligomeric a-synuclein in PBMCs was associated
with the clinical severity of PD and the degeneration
of cardiac sympathetic nerves [237]. Similar to
autophagy changes in PBMCs, LC3B, LAMP2,
BECN1, and ATG5 were significantly reduced in
the cerebrospinal fluid (CSF) of early-stage PD
patients compared to controls, with LC3B levels
being the most sensitive and specific toward a
diagnostic biomarker of PD [238]. Moreover, LC3B
levels strongly correlated with the severity of
parkinsonian motor symptoms and the asymmetry
index in the caudate and putamen, one of the most
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representative markers for disease progression in
patients with PD [238]. CMA pathway dysfunction
was also detected in the CSF of female PD patients
with LRRK2 mutations who had strongly reduced
LAMP2A levels [239]. It is of note that recent studies
emphasize the role of posttranslationally modified
autophagy proteins for specific autophagy pathway.
For instance, phosphorylated Ub (p-Ser65-Ub) acts
as an activator of PRKN and recruits cytosolic PRKN
from the cytoplasm to damaged mitochondria. PTMs
of oligomerized p62/SQSTM1 at the LC3-binding
site or in the Ub-binding domain regulate selective
autophagy pathways, such as aggrephagy (p-
Ser349), mitophagy (p-Ser403), and secretory
autophagy [240—243]. Thus, the development of
biomarker assays to specifically target PTM signals
on autophagy adaptors might provide a better
understanding of PD-related autophagy defects.

Current Challenges and Future
Perspectives

Numerous studies have led to a better under-
standing of the involvement of autophagy in PD and
its contribution to causes, onset, and progression of
the disease. Still, it is of great importance to address
the dynamic properties of this pathway. Up- or
downregulation of certain autophagy related proteins
may not necessarily reflect a single directional
alteration of the autophagy pathway. For instance,
increases of the mitophagy tag p-Ser65-Ub can be
caused by impaired downstream autophagic/lysoso-
mal degradation in addition or alternatively to
mitochondrial stress-induced overactivation of the
pathway. It is thus critical to determine the flux
through the entire autophagy pathway, the balance
of the incoming autophagic cargo, and the degrada-
tive capacity of lysosomes. Most studies that monitor
autophagic flux were performed in cell culture
models due to the intrinsic limitations of animal and
human studies. Novel transgenic animal models,
including mt-Keima [244], mito-QC [245], and most
recently, TRGL6 mice [246] have been generated to
interrogate mitophagic and autophagic flux in vivo
using dual-fluorescence reporters. While alterations
of autophagy markers have been described before in
LB disease, analyses were limited and did not
necessarily consider the interconnectivity and
dynamics of the system. The development of multi-
plexed imaging for colabeling the disease with
various organelle markers may help to approximate
the critical site of impairment. More detailed single
cell or even single organelle analyses rather than
whole bulk tissue/lysate analysis will reveal more
accurate autophagy changes in PD. As autophagy
functions may be differently regulated in neurons
and glial cells, such analyses will provide additional
knowledge on cell type- and cell compartment-

specific autophagy alterations. For example, a
recent study using multiple fluorescent probes
demonstrated the presence of local degradation in
the axon [247]. Soma-derived lysosomes could
rapidly localize to distal axons and target autopha-
gosomes and a-synuclein cargos for local degrada-
tion. In addition to improving the spatial resolution of
autophagy research, longitudinal studies in animal
and human cohorts will also benefit investigating
age-related and dynamic autophagy-related
changes. Nevertheless, the development of new
tools/techniques is a necessary next step to inves-
tigate autophagy dysfunction in the human disease
context.

Over the past decades, overexpression of PD-
related genes or mutations in cells or animal models
provided great opportunities to explore autophagic
changes, to unravel the underlying mechanisms,
and to nominate potential therapeutic targets for PD.
Current and future studies with cell and animal
models should attempt to mimic true physiological
and pathological conditions. As with other neurode-
generative diseases with abnormal protein aggrega-
tion, a-synuclein accumulation is one of the major
pathological features in PD. Excessive a-synuclein
impairs autophagy degradation, which, in turn,
further exacerbate a-synuclein aggregation. It is
critical to find the origin of this vicious cycle and to
distinguish adaptive responses from detrimental
consequences in the organism for future studies.

The autophagy system connects endosomal,
lysosomal, and secretory pathways [248,249], form-
ing a vesicular continuum, and acting as a major hub
to sort and rout cargo for recycling, degradation, or
secretion. In addition to macroautophagy, CMA, and
selective autophagy mentioned in this review,
secretory autophagy also plays an important role in
a-synuclein spreading and PD pathogenesis. Block
of flux results in a-synuclein release through hybrid
autophagosome/exosome vesicles and promotes
the spread of a-synuclein [250,251]. Together,
these data suggest a dual role for autophagy in
degradation and secretion of aggregation-prone
proteins. Impairments of the system at different
stages contribute to processing, aggregation, and
toxicity of subspecies of a-synuclein and other PD-
related pathological proteins.

Due to the great advances in the field, it has
become evident that aggravated PD pathology and
impaired autophagy are forming a bidirectional
pathogenic loop. However, different studies have
shown changes in autophagic signals in PD in either
direction. Therefore, an essential question to
address is whether the stimulation of autophagy is
protective against PD. It has been suggested that
increased autophagic flux might be compensatory
toward other blocked degradation pathways. How-
ever, overactivation of autophagy pathways could
also be neurotoxic due to the overwhelmed
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lysosomal clearance that may stress the cells. For
dissecting pathogenic mechanisms from adaptive
responses, it will be critical to identify the primary
block in autophagic flux by a thorough analysis of
different autophagy pathway. Future drug develop-
ment targeting autophagy should not only aim at
stimulating the pathway but should also ensure
proper degradative flux at the same time.
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