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The cell biology of Parkinson’s disease
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Parkinson’s disease (PD) is a progressive neurodegenerative disorder resulting from the death of dopamine neurons in the
substantia nigra pars compacta. Our understanding of PD biology has been enriched by the identification of genes involved in its
rare, inheritable forms, termed PARK genes. These genes encode proteins including a-syn, LRRK2, VPS35, parkin, PINK1, and
DJ1, which can cause monogenetic PD when mutated. Investigating the cellular functions of these proteins has been
instrumental in identifying signaling pathways that mediate pathology in PD and neuroprotective mechanisms active during
homeostatic and pathological conditions. It is now evident that many PD-associated proteins perform multiple functions in
PD-associated signaling pathways in neurons. Furthermore, several PARK proteins contribute to non-cell-autonomous
mechanisms of neuron death, such as neuroinflammation. A comprehensive understanding of cell-autonomous and non-cell-
autonomous pathways involved in PD is essential for developing therapeutics that may slow or halt its progression.

Introduction
Parkinson’s disease (PD) is an incurable neurodegenerative
disorder characterized by progressive motor deficits including
tremor, rigidity, postural instability, and bradykinesia. It is the
second most common neurodegenerative disease, and the fastest
growing in deaths, disability-adjusted life years, and prevalence
among all neurological diseases (Bandres-Ciga et al., 2020). The
motor symptoms of PD are caused by death of dopamine (DA)-
producing neurons within the substantia nigra pars compacta
(SNpc), resulting in DA depletion in the SNpc projection region
called the striatum. This depletion of striatal DA is accompanied
by the appearance of Lewy bodies (LBs), characteristic intra-
cytoplasmic inclusions within the surviving neurons. Dimin-
ished striatal DA results in the dysregulation of basal ganglia
circuits, leading to core PD motor deficits (Savitt et al., 2006).
While symptomatic therapy through DA replacement has been
available since the 1960s (Connolly and Lang, 2014), there are no
disease-modifying treatments.

For much of the 20th century, genetics were thought to play a
negligible role in PD. However, in the 1990s, observations of
Mendelian PD inheritance patterns within certain families led to

the identification of SNCA, which codes for the a-synuclein
(a-syn) protein, as the causal gene (Polymeropoulos et al., 1996;
Polymeropoulos et al., 1997). Subsequently, as many as 90 genes
potentially linked to PD have been identified; of these, a small
number are able to cause monogenic PD with varying degrees of
penetrance (Bandres-Ciga et al., 2020). Even though monogenic
PD patients constitute 10-20% of cases, investigating the cell bi-
ology of the implicated proteins has led to crucial insights into the
mechanisms of both sporadic and familial PD. Furthermore, en-
vironmental stressors or other external factors can activate or
inhibit proteins implicated in monogenic PD, thereby linking
them to sporadic PD. While much previous work has been neuron-
centric or cell-type agnostic, recent studies have revealed impor-
tant roles for these proteins in non-cell-autonomous processes
that lead to DA neuron death. Several PD-associated proteins are
also expressed by other cell types within the central nervous
system (CNS), where they may amplify or dampen inflammatory
signaling, thereby modulating PD-associated non-cell-autonomous
processes (Hinkle et al., 2019; Kam et al., 2020).

In this review, we summarize the major known functions and
pathophysiological mechanisms of monogenic PD genes (Table 1).
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Table 1. Summary of PARK proteins and their roles in PD cell biology
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Protein (gene) Native function

Major neurodegenerative pathways

Further reading

a-Syn (SNCA/PARKI) Regulation of presynaptic function through
SNARE complex and synaptic vesicle

interactions.

Forms degradation resistant aggregates that
disrupt numerous cell biological functions.
Posttranslational modifications often promote
aggregation. Self-templated spread of a-syn
pathology ensues following its cell-to-cell
transmission via LAG3-mediated uptake. USP19
mediates LAG3 exocytosis.

Burré et al., 2018; Hijaz and
Volpicelli-Daley, 2020; Rocha et al.,
2018

Lysosomal enzyme responsible for
glycolipid breakdown.

B-Glucocerebrosidase
(GBAI)

Loss of function promotes aggregation of a-syn
due to impaired endolysosomal function.
Furthermore, accumulation of GCasel substrates
is sufficient to induce a-syn fibrillization, though
evidence of substrate accumulation in human
patients is lacking.

Do et al,, 2019; Ryan et al,, 2019;
Stojkovska et al., 2018

LRRK2 (LRRK2/PARK8)  Multifunctional GTPase, kinase, and
signaling scaffold involved in numerous

cellular functions.

LRRK2 phosphorylates 4-EBP and the ribosomal
subunit protein S15 to increase global protein
translation. It associates with B-tubulin to
mediate decreased microtubule stability. LRRK2-
mediated Rab protein phosphorylation
inactivates them, compromising vesicular
sorting.

Berwick et al,, 2019; Harvey and
Outeiro, 2019; Madureira et al.,
2020

VPS35 (VPS35) Component of heterotrimeric retromer
complex involved in cargo sorting during

vesicular transport.

D620N mutation causes a partial loss of function
that disrupts the retromer complex’s sorting
function. These defects include impaired
endolysosome maturation and autophagy,
disrupted recycling of membrane receptors, and
impaired formation of mitochondrial-derived
vesicles.

Rahman and Morrison, 2019;
Sassone et al,, 2020; Williams et al.,
2017

Parkin (PRKN/PARK2) ~ E3 ubiquitin ligase that is activated in
conjunction with PINKI in response to
mitochondrial stress. Leads to promiscuous
ubiquitination of cytosolic and

mitochondrial substrates.

PD-associated mutations or c-Abl-mediated
Y-phosphorylation abrogates parkin E3 ligase
activity, causing an accumulation of its
substrates. Accumulation of AIMP2 activates a
cell death pathway called parthanatos.
Accumulation of PARIS represses mitochondrial
biogenesis and function. PINK1 phosphorylates
ubiquitin and parkin to mediate parkin activation.
Parkin-mediated mitochondrial OMM protein
ubiquitination targets mitochondria for clearance
via mitophagy. PINK1/parkin signaling maintains
a balance between mitochondrial fission and
fusion. PINK1/parkin phosphorylate and
ubiquitinate (respectively) the protein miro,
inhibiting mitochondrial transport.

Bader and Winklhofer, 2020; Ge
et al.,, 2020; Pickrell and Youle,
2015; Quinn et al., 2020; Scarffe
etal, 2014

PINK1 (PINK1/PARK6)  Mitochondria-localized protein kinase
activated by mitochondrial stress. Co-
activates with parkin to mediate
mitochondrial quality control. Has parkin-

independent role in maintaining ETC.

Major cell biological pathways overlap with
Parkin.

Bader and Winklhofer, 2020; Ge
et al.,, 2020; Pickrell and Youle,
2015; Quinn et al., 2020; Scarffe
et al, 2014

DJ-1 (PARK7) Oxidative stress sensor through covalent
modification of C106 residue, used for
activation of numerous oxidative stress

pathways.

Loss of DJ-1 leads to pleiomorphic defects in
responses to reactive chemical species such as
oxidative and glycative stress.

Biosa et al., 2017; Dolgacheva et al,,
2019; van der Vlag et al., 2020

We further describe the contribution of these genes to glia (dys)
function in health and disease, and identify unifying cell biological
pathways that contribute to both familial and sporadic PD.

a-Syn
Point mutations and gene multiplications of the SNCA gene
cause autosomal dominant PD (Kasten and Klein, 2013), while
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polymorphisms in the SNCA gene locus are implicated in spo-
radic PD (Nalls et al., 2014). Coupled with evidence that a-syn
constitutes a major component of LBs (Spillantini et al., 1998),
these findings caused a paradigm shift in our understanding of
PD. a-Syn is a 140-aa protein comprising an N terminus that
assumes an a-helical secondary structure upon membrane
binding, a hydrophobic non-amyloid component domain that
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can adapt a B-sheet conformation and contributes to aggrega-
tion, and a highly negatively charged unstructured C-terminal
domain. a-Syn is abundantly expressed in the CNS, and local-
izes to the vicinity of synaptic vesicles, with further work
suggesting it plays a role in synaptic transmission (Fig. 1 A;
Burré et al., 2018). Under pathological conditions, a-syn can
assume a PB-pleated secondary structure that forms the basis for
LBs and Lewy neurites (Tuttle et al., 2016). a-Syn monomers
coalesce to form string-like protofibrils, which can assemble
into larger fibrils. Some studies indicate that the aggregated
forms of a-syn are not toxic to neurons and that LBs may, in
fact, be a protective mechanism to compartmentalize toxic
oligomeric a-syn species (Chartier and Duyckaerts, 2018).
These studies raise the issue/relationship between aggregation
and toxicity. a-Syn variants that are more prone to form
oligomers were shown to exhibit greater neurotoxicity than
variants predisposed to forming higher-order fibrils/ag-
gregates (Winner et al., 2011). It is likely that heterogenous
populations of a-syn conformations exist within degenerating
neurons, which may mediate distinct pathological events such
as seeding, aggregation, or neurotoxicity via independent
mechanisms (Danzer et al., 2007).

Posttranslational modifications of a-syn in PD pathology

Posttranslational modifications (PTMs) of proteins are essential
for diversifying the proteome and regulating protein function.
a-Syn PTMs include enzymatic or spontaneous addition of co-
valent adducts (e.g., phosphorylation, nitration, ubiquitination,
etc.) or direct modification of the peptide sequence itself
(truncation; Tenreiro et al., 2014; Zhang et al., 2019). These
modifications profoundly affect the development and propaga-
tion of pathology by altering a-syn conformation, aggregation
kinetics, fibril ultrastructure, subcellular localization, and mo-
lecular interactions (Li and Liu, 2021; Tenreiro et al., 2014;
Zhang et al., 2019). Of the many a-syn PTMs described in the

Examples of a-syn posttranslational modifications
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literature (Tenreiro et al., 2014; Zhang et al., 2019), we highlight
a number that have been widely studied (see text box and Fig. 1
B). a-Syn is subject to numerous modifications in both PD and
non-PD subjects, and the combinatorial effects of PTMs and
other noncovalent cofactors on protein function, fibril structure,
and pathological characteristics require further study (Li and
Liu, 2021). The PTM landscape of a-syn is further shaped by
cell type-specific factors such as presence of different modifying
enzymes, chaperones, and reactive chemical species, an area
that remains poorly characterized.

Cell biological roles of a-syn at the presynapse, cytoskeleton, and
mitochondria
Consistent with its subcellular distribution, several potential
pathogenic roles have been ascribed to a-syn pertaining to its
function at the synapse (Fig. 1 A). Adeno-associated virus
(AAV)-mediated a-syn overexpression leads to a redistribution
of the SNARE proteins, which play a role in neurotransmitter
release (Chung et al., 2009; Garcia-Reitbock et al., 2010).
Membrane-bound multimeric a-syn promotes SNARE complex
assembly by acting as an unconventional chaperone for their
components (Burré et al, 2014; Burré et al., 2010). Over-
expression of a-syn also inhibits neurotransmitter release at the
synapse (Nemani et al., 2010). One of the first proteins shown to
interact with a-syn was the presynaptic protein synphilin-
1 (Engelender et al., 1999), which ameliorates pathology in-
duced by a-syn overexpression through the formation of
aggresome-like structures (Smith et al., 2010).

a-Syn also interacts with and perturbs assembly of cyto-
skeletal proteins (Alim et al., 2002; Lee et al., 2006). Genome-
wide association studies (GWAS) show an association of PD with
genomic variation at the locus encoding the Alzheimer’s-
associated Tau protein, which mediates cytoskeletal stability
(Nalls et al., 2011). Tau aggregation is a hallmark of numerous
neurodegenerative diseases (Kovacs, 2015). a-Syn and Tau

Phosphorylation of a-syn is one of its most studied covalent, enzyme-mediated modifications and plays a crucial role in its aggregation, propagation, and neu-
rotoxicity. Numerous serine, threonine, and tyrosine residues are phosphorylated, mostly in the C-terminal domain (Zhang et al., 2019). S129 phosphorylation has
emerged as a defining hallmark of PD pathology, being almost absent in monomeric a-syn and present in >90% of LBs (Tenreiro et al., 2014). Numerous kinases are
reported to phosphorylate a-syn at this site, including CKI/Il, GRKs, and PLK2 (Inglis et al., 2009; Okochi et al.,, 2000; Pronin et al., 2000). However, whether this
modification is pathological or protective is unclear; different groups have reported increased while others reported decreased fibril formation or toxicity (Tenreiro
et al, 2014; Zhang et al., 2019). While the cause of these discrepancies is largely unknown, some possibilities include species or cell type-dependent expression of
other factors influencing a-syn aggregation, the identity of the kinase(s) modifying S129, combinatorial effects from other PTMs, and expression level of a-syn.

a-Syn phosphorylation at Y39 has also attracted substantial attention. Like pS129, pY39 is found to be elevated during aging and accumulates in LBs of
sporadic PD patients (Brahmachari et al., 2016). The nonreceptor tyrosine kinase c-Abl phosphorylates a-syn at Y39, leading to accelerated a-syn aggregation and
impaired degradation (Brahmachari et al., 2016; Mahul-Mellier et al., 2014). More recent studies have found that Y39-phosphorylation diminishes a-syn’s in-
teraction with chaperone proteins such as HSC70 and HSP90B, resulting in its mitochondrial accumulation and concomitant aggregation (Burmann et al.,, 2020).
Furthermore, cryo-EM studies of synthetic fibrils generated from pY39 a-syn note that they are structurally distinct from WT fibrils and incorporate a greater
proportion of the protein including the entire N-terminal region into the fibril core (Li and Liu, 2021; Zhao et al.,, 2020). These pY39 fibrils seed a greater degree of
a-syn pathology and induce greater cytotoxicity than WT fibrils when added to cultured rat neurons (Zhao et al.,, 2020). As such, phosphorylation at Y39 appears to
contribute to a-syn pathology by inducing the formation of more pathogenic fibrillar structures and by disrupting interactions with protein chaperones critical for
inhibiting aggregation.

While the two prior examples of PTMs are examples of enzyme-dependent modifications, a-syn can also undergo enzyme-independent modifications by
reactive chemical species (Schildknecht et al., 2013). These modifications provide a critical link between a-syn aggregation and the oxidative stress frequently
associated with PD (Dias et al.,, 2013). Oxidative stress can induce oxidation of a-syn at its C terminus (Mirzaei et al.,, 2006). The byproduct of lipid oxidation, 4-
hydroxy-2-nonenal, can associate with and promote B-sheet formation leading to increased soluble oligomeric species generation (Qin et al., 2007). Nitrated a-syn
is also known to accumulate in LBs (Giasson et al., 2000) and promotes fibrilization (Hodara et al., 2004). All tyrosine residues in a-syn are vulnerable to nitration,
but nitration’s effect on oligomerization depends on residue location (Burai et al., 2015; Sevcsik et al.,, 2011). Nitration of Y39, for example, accelerates aggregation
and leads to robust fibril formation (Danielson et al.,, 2009). Finally, oxidized DA and DA metabolites can reversibly or irreversibly modify a-syn, leading to altered
aggregation characteristics, increased cytotoxicity, and impaired aggregate removal (Post et al., 2018).
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Figure 1. a-Syn and GBAL1 signaling in PD. (A) Monomeric a-syn acts as a chaperone for SNARE proteins, promoting synaptic transmission/DA release.
Certain aggregated species of a-syn can reduce DA release by inhibiting synaptic vesicle clustering. (B) Progressive accumulation of a-syn aggregates is a
fundamental characteristic of PD progression. Numerous posttranslational modifications have been reported to modulate a-syn aggregation, including pS129
(unclear effect) via multiple kinases, pY39 (pro-aggregation) by c-Abl, and 4-hydroxy-2-nonenal (4HNE) and other modifications mediated by oxidative stress.
(C) Aggregated a-syn is incorporated into the ER-transport machinery by USP19 and can propagate from cell to cell via tunneling nanotubes or exosomes, or by
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direct LAG3-mediated uptake into efferent neurons. (D) Endocytosed a-syn fibrils can seed the templated aggregation of endogenous a-syn and drive prion-
like propagation. a-Syn aggregates can also be directly imported into mitochondria, eliciting mitochondrial fragmentation and death. The function of lyso-
somes, where GCasel localizes to and metabolizes glycolipids, is also impaired by the presence of a-syn aggregates. (E) GBAl-associated PD is thought to be
closely linked to dysregulation of a-syn proteostasis. Likewise, sporadic PD is thought to drive impairments in GCasel activity. In patients carrying mutant GBAI
alleles, coding mutations in the GCasel protein may lead to misfolding in the ER, leading to direct coaggregation with a-syn or indirectly causing a-syn ag-
gregation by impairing autophagy. In sporadic PD, loss of GCasel function may be driven by coaggregation with a-syn, which then serves as a positive feedback
loop to accelerate further a-syn aggregation. In addition, accumulation of GCasel substrates such as GlcCer and glucosylsphingosine (GlcSph) is sufficient to

trigger a-syn aggregation.

interact and can reciprocally seed each other’s aggregation
(Giasson et al., 2003). Hyperphosphorylated Tau has also been
observed in a model of a-syn overexpression (Haggerty et al.,
2011). Co-expression of a-syn enhanced Tau-induced DA neuron
death in drosophila (Roy and Jackson, 2014). a-Syn might also
play a role in cytoskeletal assembly; WT and A30P mutant o-syn
elicited opposite effects on actin assembly, slowing down and
increasing the rate of polymerization, respectively (Sousa et al.,
2009).

a-Syn also appears to contribute to mitochondrial dysfunc-
tion (Fig. 1 D). Despite lacking a mitochondrial targeting se-
quence, a pool of endogenous o-syn is present in the
mitochondrial membrane of DA neurons (Li et al., 2007). In-
teraction of oligomeric a-syn with mitochondrial membranes
can lead to their fragmentation and Drpl-independent mito-
chondrial fission (Nakamura et al., 2011). a-Syn also inhibits
mitochondrial complex-1 activity (Devi et al., 2008; Liu et al.,
2009). Overexpressing the master mitochondrial biogenesis
regulator peroxisome proliferator activated receptor y co-
activator 1 a (PGC-la) prevents A53T a-syn-induced neurotox-
icity in rat midbrain primary cultures (Zheng et al., 2010).

Prion-like propagation of a-syn and its potential role in PD
pathogenesis

A substantial body of evidence suggests that a-syn aggregates
propagate across the CNS in a prion-like manner (Fig. 1 C). PD
has been classified into six clinicopathological stages based on
the severity and localization of CNS LB pathology. LB pathology
seems to initiate in the brainstem and olfactory bulb before
appearing in the midbrain and SNpc, and eventually reaching
the cortex (Braak et al., 2003). These results suggest the spread
of a-syn pathology from one brain region to the other, a notion
that received impetus following the finding that fetal midbrain
neurons transplanted into PD patients also develop Lewy pa-
thology (Kordower et al., 2008; Li et al., 2008). Moreover, ap-
plication of exogenous o-syn preformed fibrils (PFFs) to
cultured cells and neurons and injection into the brains of WT
mice lead to the aggregation of endogenous a-syn and propa-
gation of pathology (Luk et al., 2012; Luk et al., 2009; Volpicelli-
Daley et al., 2011). Furthermore, a-syn passive immunotherapy
with a-syn monoclonal antibodies reduces PFF-induced pathol-
ogy and neuron death in vitro and in vivo (Tran et al., 2014),
indicating that extracellular transfer is required for PFF-induced
disease progression. While there have been concerns about the
validity of applying PFFs given their structural differences from
in vivo aggregates (Li and Liu, 2021), other studies using ag-
gregates isolated from patient brains also seed pathology in a
prion-like manner. a-Syn-containing LB-enriched fractions
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from PD patient brain tissue seed pathology and initiate
progressive neurodegeneration in mice and primates (Recasens
et al.,, 2014), while intracerebral injections of brain homoge-
nates or a-syn isolated from the brains of Dementia with LB or
Multisystem Atrophy patients can also initiate endogenous
a-syn aggregation and pathology in mice (Masuda-Suzukake
et al., 2013; Watts et al., 2013).

The mechanisms by which a-syn aggregates are released or
taken up by neurons is an area of active research (Fig. 1 C; Hijaz
and Volpicelli-Daley, 2020). Uptake is thought to be mediated
through an active, receptor-mediated process, with work sug-
gesting that cell-surface heparan sulfate proteoglycans and
neurexin-1f facilitate uptake (Birol et al., 2019; Holmes et al.,
2013; Thse et al., 2017). In addition, lymphocyte-activation gene 3
(LAG3) acts a major receptor that binds to and mediates a-syn
PFF internalization into neurons. LAG3-deficient mice are pro-
tected from PFF-induced DA neuron loss, striatal DA depletion,
and motor deficit onset (Mao et al., 2016). However, there are
likely additional receptors or receptor-independent mechanisms
through which a-syn is internalized into neurons since LAG3
does not account for all PFF binding. Upon their uptake by
neurons, PFFs can activate the cell death pathway parthanatos,
resulting in the generation of poly(ADP-ribose) polymers, which
cross-seed o-syn aggregation, accelerating o-syn transmission
and pathology (Kam et al., 2018). The release of pathological
a-syn from neurons is poorly understood, but may involve
secretion of externalized vesicles called exosomes in a calcium-
dependent manner (Emmanouilidou et al., 2010). The ER-localized
deubiquitylase USP19 may mediate export of misfolded cytosolic
proteins, including a-syn, providing an alternative mechanism for
release (Lee et al.,, 2016). The transfer of a-syn aggregates may also
be accomplished via tunneling nanotubules, slender F-actin
channels that connect “donor” and “acceptor” cells and transfer
aggregates, which seed fibrilization of endogenous a-syn in the
acceptor cell (Abounit et al., 2016).

B-glucocerebrosidase (GCasel)

GBAI encodes the 497-aa protein B-glucocerebrosidase (GCasel)
that localizes to the lysosomal membrane, with the active site in
the lysosomal lumen (Do et al., 2019). There, it metabolizes
glucosylceramide (GlcCer), regulating ceramide signaling and
preventing toxic accumulation of GlcCer (Do et al., 2019). Ho-
mozygous or compound heterozygous loss-of-function GBAI
mutations can cause Gaucher disease (GD), a lysosomal storage
disorder characterized by lysosomal accumulation of sphingo-
lipids that can be accompanied by CNS pathology (Do et al.,
2019). Heterozygous GBAI mutations are among the most com-
mon genetic risk factors for PD, having been identified in 7-12%
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of patients (Do et al., 2019). GCasel dysfunction and a-syn pa-
thology appear to be closely linked, as patients with GD or car-
rying heterozygous GBAI mutations may exhibit widespread LBs
or Lewy neurites (Schneider and Alcalay, 2017). Moreover,
GCasel enzymatic activity is inversely correlated with the se-
verity of a-syn pathology (Murphy et al., 2014), and is reduced
in the cerebrospinal fluid and SNpc of GBAI-PD and sporadic PD
cases (Balducci et al., 2007; Gegg et al., 2012).

Loss of GCasel function and a-syn form a pathological positive
feedback loop
Loss-of-function GBAI mutations and loss of GCasel activity in
sporadic PD form a pathological positive feedback loop with
a-syn aggregation (Fig. 1 E; Mazzulli et al., 2011). In mice with
transgenic or viral-induced a-syn overexpression, loss of GCasel
function through genetic knockout (KO), knock-in of disease
mutants, or use of GCasel inhibitors accelerates disease pro-
gression, a-syn pathology, and cell death (Do et al., 2019; Ryan
et al,, 2019). In cell or neuron culture systems, reduced GCasel
activity is associated with increased a-syn half-life, higher
resting levels, and spontaneous formation of pathological
oligomers (Du et al., 2015; Kim et al., 2018b; Kim et al., 2018c;
Zunke et al., 2018). Moreover, GCasel inhibition increased vul-
nerability of cultured neurons to a-syn PFF, and mildly amplifies
PFF pathology in vivo, though overall spread of pathology and
degree of DA neuron loss seem unaltered (Henderson et al.,
2020). Conversely, increasing GCasel activity through over-
expression or treatment with molecular chaperones improves
pathology, behavioral abnormalities, and survival in a-syn
transgenic mice (Migdalska-Richards et al., 2016; Morabito
et al., 2017; Sardi et al., 2011; Sardi et al., 2013).

a-Syn pathology also feeds back to inhibit GCasel function. In
postmortem tissue from PD cases associated with GBAI muta-
tions, GCasel is localized to LBs (Goker-Alpan et al., 2008),
suggesting that mutant GCasel may promote LB formation or
that LBs may sequester synthesized enzyme. Furthermore,
a-syn overexpression or PFF treatment in cell lines, neuron
culture, mouse brain, and mouse enteric nervous system re-
duces GCasel levels and enzymatic activity (Challis et al., 2020;
Henderson et al., 2020; Kim et al., 2018a; Mazzulli et al., 2011).
Thus, in both sporadic and GBAI mutation-associated PD, ag-
gregation of a-syn may compromise GCasel function, which
potentially further drives a-syn aggregation.

Impaired a-syn proteostasis through ER-endolysosomal
dysfunction

While loss of GCasel activity leads to neurodegeneration by
aggravating o-syn pathology, the underlying mechanisms re-
main unclear. One hypothesis is that GBAl mutations lead to
a-syn aggregation by impairing protein processing through
the ER-endolysosomal system (Fig. 1 E). Some GBAI muta-
tions lead to the production of a misfolded protein that then
accumulates in the ER and triggers the ER unfolded protein
response (Do et al., 2019; Kim et al., 2018a). Furthermore,
loss of GCasel function may impair autophagy through pro-
tein phosphatase-2A inactivation, ceramide reduction, Rab8
dysfunction, or failure of autophagic lysosome reformation (Du
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et al., 2015; Kim et al., 2018b; Magalhaes et al., 2016; Scarlatti
et al., 2004). Given the importance of autophagy in mediating
the turnover of a-syn, especially that of pathological aggregates
resistant to the ubiquitin-proteasome system (Xilouri et al.,
2013), these defects may contribute to progressive failure of
a-syn proteostasis. GCasel may also directly play a role in the
degradation of a-syn in the lysosome. GCasel interacts with the C
terminus of a-syn at lysosomal pH, and the two proteins colocalize
in the lysosome (Yap et al., 2011). Further, a-syn’s nonamyloid
component domain may become exposed to the lysosomal lumen
upon interacting with GCasel, which may increase its accessibility
to lysosomal proteases (Yap et al., 2015). The PD-associated N370S
mutant protein shows reduced affinity to a-syn, suggesting that it
may directly impair lysosomal degradation (Yap et al., 2011). By
disrupting ER-endolysomal function at multiple levels, mutations
in GBAI may compromise a-syn turnover and lead to the accu-
mulation of pathological aggregates.

It is unclear whether GCasel regulates monomer levels or
mediates removal of pathogenic aggregates. While some studies
find that monomer levels are elevated when GCasel activity is
lost in transgenic cells, Drosophila melanogaster, and mouse
models (Du et al., 2015; Magalhaes et al., 2016; Do et al., 2019),
other studies fail to report changes in monomer levels in mice
lacking a-syn overexpression (Henderson et al., 2020; Ikuno
et al., 2019; Kim et al., 2018a; Tayebi et al., 2017). This sug-
gests that elevated monomer levels associated with GCasel loss
may in part be an overexpression artifact, while endogenous
levels of a-syn may not require GCasel for turnover. A recent
study reports that loss of GCasel activity amplifies PFF-induced
pathology more at low doses in culture and in brain regions
normally associated with low a-syn pathology, suggesting that
loss of GCasel activity may increase the likelihood of seeding
pathology at the earliest disease stages (Henderson et al., 2020).
Such a model posits that GCasel may modulate risk of disease
initiation or amplify an ongoing disease process rather than
rather than triggering initiation directly, which is consistent
with findings that GBAI mutations increase the risk of devel-
oping PD rather than causing highly penetrant monogenic dis-
ease. Moreover, GCasel’s role in lysosome function suggests it
may be more critical for removal of aggregates than for regu-
lating monomer levels (Xilouri et al., 2013). If this model proves
to be consistent with further investigations, future studies that
identify which oligomer species are the major target of GCasel-
dependent clearance mechanisms may yield insight into the
a-syn strains that drive disease initiation and propagation.

GCasel substrate accumulation and a-syn aggregation

Another emerging hypothesis is that accumulation of glycolipids
resulting from loss of GCasel activity may drive lipid-induced
misfolding and aggregation of a-syn (Fig. 1 E). Incubating GlcCer
and glucosylsphingosine with purified a-syn is sufficient to
convert a-syn into degradation-resistant, neurotoxic aggregates
that can seed further monomer aggregation (Mazzulli et al.,
2011; Suzuki et al., 2015; Taguchi et al., 2017; Zunke et al.,
2018). Furthermore, inhibiting GlcCer synthase can rescue
a-syn pathology either associated with or independent of GBAI
mutations (Kim et al., 2018c; Sardi et al., 2017; Zunke et al.,
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2018). However, while immortalized human cell lines, induced
human neurons, and the brains of transgenic mice carrying PD-
associated GBAI mutations show substantial GlcCer and glucosyl-
sphingosine accumulation (Kim et al., 2018c; Mazzulli et al., 2011;
Suzuki et al., 2015), evidence that such substrate accumulation
occurs in human PD patients is lacking (Boutin et al., 2016; Gegg
et al., 2015). While it is clear that substrate accumulation alone
may be sufficient to induce a-syn pathology, it is still uncertain
whether it plays a critical role in the human disease.

Leucine-rich repeat kinase 2 (LRRK2)
LRRK2 encodes a 2,527-aa multidomain protein containing
N-terminal armadillo and Akyrin repeats, leucine-rich repeats, a
central catalytic tridomain (composed of GTPase [Ras of complex
proteins; ROC], a C-terminal of ROC linker, and kinase domains),
and a C-terminal WD-40 repeat region (Berwick et al., 2019;
Madureira et al., 2020). LRRK2 mutations account for roughly 1%
of sporadic and 4% of familial PD cases, showing incomplete,
age-dependent penetrance (Berwick et al., 2019; Madureira
et al,, 2020). Furthermore, the LRRK2 gene locus was identi-
fied in GWAS as a genetic risk for sporadic PD (Nalls et al., 2011).
LRRK2 activity is governed by a complex intramolecular inter-
play between the GTPase and kinase domains (Berwick et al., 2019).
P-loop mutations in the GTPase domain abrogate kinase activity (Ito
etal,, 2007; Smith et al., 2006). Since LRRK2 autophosphorylates the
ROC domain, it is likely that its kinase activity regulates GTPase
activity. Consistent with this model, mutating these autophosphor-
ylation sites reduced LRRK2 GTPase activity (Webber et al., 2011),
and LRRK2 kinase-enhanced mutants exhibited reduced GTPase
hydrolysis (Xiong et al., 2010; Xiong et al., 2012). LRRK2 activity may
alternately be regulated by GTPase-activating proteins (GAPs) or
guanine nucleotide exchange factors. Notably, ADP ribosylation
factor (Arf)GAP binds LRRK2, and its inhibition or KO ameliorates
LRRK? induced neuron death (Xiong et al., 2012).

LRRK2 pathogenic mutations lead to kinase overactivity
LRRK2-induced neuronal toxicity is dependent on kinase ac-
tivity (Smith et al., 2006; West et al., 2007; Xiong et al., 2018).
Most pathogenic LRRK2 mutations appear to increase its kinase
activity through domain-specific mechanisms (Berwick et al.,
2019; Madureira et al, 2020). Kinase domain G2019S and
12020T LRRK2 mutations lead to an increase in kinase activity
(Rudenko and Cookson, 2014). Effects of the other PD-associated
LRRK2 mutations on its kinase activity are more contentious,
with most but not all groups suggesting that they have increased
kinase activities (Martin et al., 2014a). In contrast, a risk variant
(G2385R) mutation results in reduced kinase activity, rendering
it unclear how this mutation increases disease risk (Rudenko
et al., 2012). The G2385R substitution may cause LRRK2 mis-
folding, facilitating its ubiquitination and proteasomal degra-
dation, suggesting that loss of LRRK2 also can cause PD
pathogenesis (Rudenko et al., 2017).

LRRK2 mutations lead to prominent deficits in protein translation,
cytoskeletal dynamics, and vesicular trafficking

Studies using LRRK2 transgenic mice to probe mechanisms
of SNpc DA neuron death have found inconsistent disease
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phenotypes. In mice engineered to express human WT, G2019S,
or R1441C LRRK2, no DA neuron death occurred in the SNpc,
though LRRK2-mediated deficits in neuronal architecture and
DA transmission were observed (Li et al., 2009; Melrose et al.,
2010; Tong et al., 2009). However, G2019S LRRK2 transgenic
mice do show DA neuron loss (Chen et al., 2012; Ramonet et al.,
2011). Conditional overexpression of G2019S LRRK2 in tyrosine
hydroxylase (TH) positive dopamine neurons leads to robust
kinase-dependent degeneration of DA neurons (Xiong et al.,
2018). Several factors may contribute to these discrepancies,
including transgene expression levels and neuroinflammation,
given that a significant fraction of LRRK2-mediated neurotox-
icity may be exerted through non-cell-autonomous avenue
(discussed in subsequent sections). Viral overexpression of
G2019S LRRK2 also elicits kinase-dependent loss of SNpc DA
neurons (Lee et al., 2010a).

Within cells, LRRK2 localizes with vesicular components in-
cluding ER-Golgi, endolysosomes, and multivesicular bodies
(Roosen and Cookson, 2016). LRRK2 is a regulatory node for
intracellular signaling networks. It serves as a scaffold for
protein-protein interactions through its repeat regions, and as a
direct regulator through its kinase activity for diverse signaling
pathways including WNT, MAPKKKs, PKA, MAPK, B-catenin,
disheveled, and LRP6 (Berwick et al., 2019; Harvey and Outeiro,
2019; Madureira et al., 2020). Through these pathways, LRRK2
regulates a wide number of cellular processes including protein
translation (Gehrke et al., 2015; Imai et al., 2008; Kim et al.,
2020; Martin et al., 2014b), cytoskeletal organization (Kett
et al., 2012; Law et al, 2014), and endolysosomal vesicular
sorting and trafficking (Berwick et al., 2019; Madureira et al.,
2020). In the subsequent sections, we discuss the actions of
LRRK?2 on these key cell biological functions (Fig. 2, A-C).

Protein synthesis (Fig. 2 A). Aberrations in protein translation
have been linked to neurodegenerative disorders including PD
(Martin et al., 2014b; Polymenidou et al., 2011; Tollervey et al.,
2011). An early study suggested that LRRK2 de-represses trans-
lation by phosphorylating eukaryotic initiation factor 4 binding
protein (Imai et al., 2008), though the validity of eukaryotic
initiation factor 4 binding protein as an LRRK2 target in vivo has
been questioned (Trancikova et al., 2012). LRRK2 can antagonize
the effects of translational repressor microRNAs and increase
protein translation (Gehrke et al., 2010), and may also interact
with translation elongation factor eEF1A (Gillardon, 2009). Us-
ing unbiased tandem affinity purification and mass spectrome-
try, a large number of LRRK2-binding proteins and
phosphosubstrates including the 40S ribosomal subunits s11, s15,
and s27 were identified as LRRK2 phosphorylation substrates
(Martin et al., 2014b). Eukaryotic mRNAs contain a modified
guanine residue on the 5 end called a cap. LRRK2 phosphoryl-
ation of s15 enhances cap-dependent as well as cap-independent
bulk protein translation, which leads to DA neuron toxicity in
Drosophila as well as human DA neurons. Phosphodeficient
T136A s15 shows substantial neuroprotection in LRRK2 trans-
genic flies and human DA neurons, linking LRRK2 phosphoryl-
ation of RPS15 to DA neuron death (Martin et al., 2014b).
Ribosome profiling of human DA neurons derived from G2019S
LRRK2 induced pluripotent stem cells (IPSCs) reveals alterations
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Figure 2. LRRK2 and VPS35 signaling in PD. (A) LRRK2 may facilitate misfolded protein buildup via increasing global protein translation. It does so by
phosphorylating (depicted by a red P) 4E-BP and the 40S ribosomal subunit S15. (B) LRRK2 can associate with B-tubulin via its Roc domain, physically impeding
a-tubulin acetylation (depicted by a red A), which may lead to decreased microtubule stability and impaired neurite outgrowth. (C) LRRK2 can phosphorylate
multiple RAB proteins within their switch Il domains, inactivating them and promoting their membrane targeting. Increased LRRK2 activity may compromise
vesicular sorting machinery in neurons, leading to the accumulation of misfolded proteins. (D) The VPS 35 retromer forms a dimer of trimers comprising
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VPS26/29/35, with the D620N mutation in VPS35 disrupting an acidic residue present at the region critical for retromer complex dimerization, potentially
impairing proper assembly of the retromer dimer of trimers. The D620N mutation has been associated with impaired retrograde transport of Golgi-endosome
cargo receptors, leading to a deficiency of receptors at the Golgi and impairing forward transport of lysosomal enzymes. D620N VPS35 also exhibits defi-
ciencies in endosome-plasma membrane recycling of surface membrane proteins due to impaired association with the WASH complex. (E) VPS35 is also
involved in regulation of mitochondrial dynamics. The D620N mutation can lead to mitochondrial fragmentation through MAPL/Mull accumulation or in-

creased Drpl clearance.

in the translation of genes regulating calcium (Kim et al., 2020),
consistent with previous literature implicating mutant LRRK2. sig-
naling in altered neuronal calcium handling (Cherra et al., 2013;
Verma et al., 2017). These alterations are triggered by LRRK2 phos-
phorylation of RPS15, which enhances the translation of mRNAs with
complex 5’ UTR secondary structure (Kim et al., 2020).

Cytoskeletal assembly (Fig. 2 B). LRRK2 also interacts with
cytoskeletal components. LRRK2 associates with microtubules,
which requires its kinase activity and WD-40 domain, and PD-
associated LRRK2 mutants have greater microtubule association
(Kett et al., 2012). LRRK2 also interacts with B-tubulin via its
ROC domain, an interaction that is inhibited by mutant R1441G
LRRK2. Overexpressing LRRK2 alters growth cone dynamics in
neuronal cells via interaction with B-tubulin, preventing mi-
crotubule acetylation (Law et al., 2014). Fibroblasts cultured
from human G2019S LRRK2 patients show altered cell migration
kinetics (Caesar et al.,, 2013). LRRK2 inhibits neurite outgrowth
by phosphorylating the ezrin, radixin, and moesin family pro-
teins, which regulate cytoskeletal dynamics by tethering actin to
the cell membrane (Jaleel et al., 2007; Parisiadou et al., 2009).
The microtubule-associated protein Tau has also been found to
be a LRRK2 substrate (Bailey et al., 2013; Kawakami et al., 2012).
Taken together, these studies suggest that mutant LRRK2 may
contribute to neuron dysfunction in PD by disrupting regulation
of synaptic vesicle endocytosis and protein trafficking between
intracellular compartments. Further, LRRK2 dysfunction may
engender defective motility and neuronal process outgrowth via
cytoskeletal phosphorylation. How these signaling events actu-
ally lead to DA neuron death in PD is unclear.

Vesicular trafficking (Fig. 2 C). LRRK2 is implicated in various
facets of vesicular trafficking. Early studies mapped the locali-
zation of LRRK2 to membrane-bound organelles such as multi-
vesicular bodies and lysosomes (Alegre-Abarrategui et al.,
2009). LRRK2 phosphorylates endophilin A, a protein with im-
portant roles in synaptic vesicle endocytosis, which reduces
its membrane association. Increasing or decreasing LRRK2-
mediated endophilin A phosphorylation reduced synaptic vesi-
cle recycling (Matta et al, 2012). LRRK2-deficient neurons
exhibit synaptic vesicle redistribution and increased postsyn-
aptic currents (Piccoli et al., 2011). LRRK2 may also regulate
autophagy, the process of cargo delivery to lysosomes for deg-
radation, as primary fibroblasts from LRRK2 mutation carriers
show deficits in autophagy induction following starvation
(Manzoni et al., 2013). LRRK2 regulation of autophagy is
preceded by its dimerization and membrane translocation
(Schapansky et al., 2014). In Caenorhabditis elegans, expression of
pathogenic LRRK2 variants hastened the age-dependent decline
of autophagy (Saha et al., 2015), while kidneys of LRRK2-
deficient mice have altered autophagy (Tong et al, 2010).
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Membrane-associated LRRK2 was shown to reduce autoph-
agy by binding to the autophagy regulatory protein beclin-1
(Takagawa et al., 2018).

The Rab family of GTPases regulates multiple aspects of
vesicle trafficking (Kiral et al., 2018). Rabs switch between ac-
tive GTP-bound and inactive GDP-bound states, which are me-
diated by their respective guanine nucleotide exchange factors
and GAPs. WT LRRK2 associates with Rab7 and negatively reg-
ulates Rab7-dependent lysosomal positioning, whereas G2019S
LRRK2 has the opposite effect (Dodson et al., 2012), suggesting
that LRRK2 mutations may engender vesicular sorting defects in
neurons. GWAS implicate the PARKI6 locus as a risk factor for PD
development, and among the genes at this locus is the GTPase
Rab7L1 (Nalls et al., 2014; Satake et al., 2009; Simén-Sanchez
et al., 2009). Rab7L1 has also been identified as a LRRK2-
interacting protein using an unbiased screen (Beilina et al.,
2014). Rab7L1 antagonizes mutant LRRK2-mediated neurite
shortening. Overexpression of Rab7L1 compensates for patho-
genic LRRK2-mediated lethality and DA neuron loss via resto-
ration of LRRK2-induced sorting defects (MacLeod et al., 2013).
A phosphoproteomic screen of HEK-293 cells overexpressing
LRRK2 revealed that LRRK2 can phosphorylate multiple Rab
GTPases, thus maintaining them in an inactive state. Therefore,
LRRK2 hyperactivation may bring about vesicular sorting de-
fects via Rab GTPase inactivation (Steger et al., 2016). Recently,
it was shown that a specific subset of LRRK2 Rab GTPase
phosphosubstrates (Rabla, 3c, and 35) may be linked to LRRK2
toxicity (Jeong et al., 2018).

VPS35

The endolysosomal system comprises diverse tubulovesicular
organelles critical for nutrient uptake, intracellular trafficking,
protein processing, and autophagy (Vidyadhara et al., 2019).
Within the endolysosomal system, the early endosome serves as
a critical hub for cargo sorting of internalized plasma membrane
proteins and newly synthesized proteins received from the TGN.
Contents of the early endosome ultimately undergo two distinct
fates: the degradative path in which the early endosome matures
into the late endosome and fuses with the lysosome for cargo
destruction, or a recycling path in which select targets are
trafficked to various end-organelle/membrane targets (Burd and
Cullen, 2014; Vidyadhara et al., 2019).

A key player in the sorting function of the endolysosomal
system is the heterotrimeric retromer complex, comprising
Vps26, Vps29, and Vps35, which interacts with sorting nexin
proteins to facilitate binding to membrane-localized cargo (Chen
etal., 2019a; Kovtun et al., 2018; Lucas et al., 2016). Cargo-bound
retromer forms a dimer (or multimer) of trimers via a VPS35
homodimerization domain located at the C terminus, forming a
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structural scaffold around endosomal cargo that facilitates their
selective trafficking (Fig. 2 D; Kendall et al., 2020; Kovtun et al.,
2018; Lucas et al.,, 2016). Among the retromer’s most well-
characterized roles is retrograde recycling of transport re-
ceptors, such as the cation-independent mannose-6-phosphate
receptor (CI-M6PR) required for the delivery of lysosomal hy-
drolases (Williams et al., 2017).

PD-associated D620N mutation leads to partial loss of function
Exome sequencing of familial PD cohorts identified the D620N
mutation in VPS35 as a cause of autosomal dominant PD (Vilarifio-
Giiell et al., 2011; Zimprich et al., 2011). The precise consequence of
this mutation on protein function is unclear given inconsistent
findings in different model systems and the relatively mild phe-
notype of D620N mutant animals and cells; D620N knock-in mice
show no gross defects or evidence of Golgi, mitochondrial, or
endolysosomal dysfunction (Ishizu et al., 2016), and the D620N
mutation has no effect in VPS35 localization or interactions with
VPS26/29 (Ishizu et al., 2016; McGough et al., 2014; Tsika et al.,
2014; Zavodszky et al., 2014). The inheritance pattern of VPS35 PD
suggests that the D620N mutation may lead to three effects on
protein function: gain of function, dominant negative, or hypo-
morphic function. In support of a gain-of-function or dominant
negative effect, overexpressing the D620N mutant leads to disease
phenotypes (McGough et al., 2014; Tang et al., 2015a; Tsika et al.,
2014; Wang et al., 2016b). However, toxicity may be an over-
expression artifact to some extent, as similar pathologies are ob-
served by overexpressing WT VPS35 (Miura et al., 2014; Tsika
et al,, 2014; Wang et al., 2016b).

Several lines of evidence suggest D620N is a partial loss-of-
function mutation. Structural data indicate that the D620N
mutation is located near a highly acidic region of VPS35 critical
for retromer dimerization and therefore cargo trafficking
(Kendall et al., 2020; Kovtun et al., 2018). A mutation from an
acidic aspartate to a neutral asparagine could disrupt this critical
interaction, though conclusive evidence is still lacking. Func-
tionally, the D620N mutation phenocopies many defects ob-
served with VPS35 loss (Miura et al., 2014; Tang et al., 2015a;
Tang et al., 2015b; Wang et al., 2016a; Zavodszky et al., 2014).
Furthermore, D620N VPS35 expression fails to fully rescue
VPS35-KO or knockdown phenotypes (Dhungel et al., 2015;
Inoshita et al., 2017; Malik et al., 2015; Tang et al., 2015b; Wang
et al., 2016a), while D620N overexpression fails to confer gain of
functions associated with WT VPS35 overexpression (MacLeod
et al,, 2013; Munsie et al., 2015; Wang et al., 2016a). The domi-
nant negative phenotype observed by some groups could be an
overexpression artifact, because the mutant protein disrupts the
strict 1:1:1 stoichiometry of VPS26/29/35 (Hierro et al., 2007;
Seaman et al., 2009) and may compete with endogenous WT
VPS35 to form hypofunctional retromer complexes. This effect
is unlikely to occur in humans, as no evidence would suggest
that the mutant allele is more highly expressed than the WT one.

Loss of VPS35 disrupts proteostasis through endosomal

sorting defects

Though numerous D620N-associated defects have been identi-
fied, it is unclear which contribute to PD pathology. One line of
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work suggests that mutant VPS35 compromises lysosomal
function and may lead to a-syn aggregation (Fig. 2 D). D620N
overexpression or knock-in cell models indicate that the D620N
mutant may impair CI-M6PR recycling, disrupt lysosomal
morphology, impair cathepsin D processing, and reduce
Lamp2a levels (Follett et al, 2014; MacLeod et al., 2013;
McGough et al., 2014; Yun et al., 2017). An elegant genetic
screening study in yeast, coupled with investigations in C. el-
egans, and mice has shown that knockdown of VPS35 increases
vulnerability to increased protein translation caused by over-
expression of elF4G1 (Dhungel et al., 2015), consistent with the
lysosome’s known role in maintaining proteostasis. D620N-
induced lysosomal dysfunction worsens accumulation of a-syn
aggregates in cell lines, yeast, C. elegans, and mice overexpressing
a-syn (Dhungel et al., 2015; Miura et al., 2014; Tang et al., 2015a;
Tang et al., 2015b).

Though these findings provide a compelling link between
pathogenic VPS35 mutations and known PD pathways, they have
not been consistently detected across all model systems. Some
studies expressing D620N VPS35 in cell lines or in mice fail to
find CI-M6PR and LAMPI mislocalization, changes in cathepsin
D expression, or increased susceptibility to autophagy inhibitor
bafilomycin Al (Chen et al., 2019b; Ishizu et al., 2016; Tsika et al.,
2014; Zavodszky et al., 2014). Moreover, D620N knock-in mice
do not exhibit a-syn accumulation without the presence of an
o-syn transgene (Chen et al., 2019b; Ishizu et al., 2016), com-
plicating the question of whether VPS35 plays a role in a-syn
proteostasis at endogenous expression levels. To the best of
our knowledge, none have reported on the postmortem pa-
thology of PD patients with the D620N mutation, rendering it
unclear whether a-syn aggregation is a pathological feature of
VPS35 PD.

Disruption of WASH complex-dependent endosomal protein sorting
The D620N mutation also impairs the interaction between
VPS35 and FAM?21, a component of the WASH complex (Fig. 2 D;
McGough et al., 2014; Zavodszky et al., 2014). The WASH com-
plex stimulates Arp2/3 recruitment of filamentous actin to en-
dosomal microdomains in order to drive cargo sorting before
transport, contributing to protein trafficking to the plasma
membrane and other cellular compartments (Seaman et al.,
2013). Because retromer is important for recycling internalized
neuronal cell surface proteins (Choy et al., 2014; Hussain et al.,
2014; Munsie et al., 2015; Wang et al., 2016a), impaired inter-
action with the WASH complex could significantly alter synaptic
function. However, whether the D620N mutation affects
membrane receptor recycling has only been confirmed for
AMPAR subunits and DRD1 (Munsie et al., 2015; Wang et al.,
2016a; Zavodszky et al, 2014). Other findings suggest that
WASH defects contribute to other phenotypes such as impaired
endosomal maturation, defective autophagosome formation, and
ATG9 mislocalization (Follett et al., 2014; Zavodszky et al., 2014).
However, cell lines expressing D620N VPS35 do not always
exhibit Fam21 mislocalization (Follett et al., 2014; McGough
et al,, 2014), suggesting that trafficking defects may depend on
context or cell type. How these defects ultimately lead to neu-
rodegeneration is an open area of investigation.
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Novel role of VPS35 in mitochondrial quality control

Finally, retromer may also regulate mitochondrial dynamics
(Fig. 2 E). VPS35 mediates the formation of mitochondrial-
derived vesicles (MDVs) to remove MAPL (MUL1) from the
mitochondria (Braschi et al., 2010). Because MAPL promotes
fission through Drpl (DLP1) SUMOylation, a post-translational
modification involving the addition of SUMOs (small ubiquitin-
like modifiers), and suppresses fusion through Mfn ubiquiti-
nation (Braschi et al., 2009; Peng et al., 2016; Yun et al., 2014),
these findings implicate VPS35 in regulation of mitochondrial
fission/fusion dynamics. Loss of VPS35 or expression of D620N
VPS35 leads to the accumulation of MAPL on mitochondria and
subsequent reduction of Mfn2, mitochondrial fragmentation,
and degeneration of SNpc DA neurons in mice (Tang et al.,
2015b). These results suggest that VPS35 promotes mitochon-
drial fusion, with loss-of-function D620N triggering excessive
fission. A separate study likewise found evidence that the
D620N mutation increases mitochondrial fission (Wang et al.,
2016b). However, this study reports that WT VPS35 promotes
mitochondrial fission by removing inactive Drpl complexes
from mitochondria, and that the D620N mutation may lead to
gain of function via increased interaction with Drpl (Wang et al.,
2017; Wang et al., 2016b). Thus, two lines of investigation indi-
cate that D620N leads to mitochondrial dysfunction through
increased fission, consistent with findings that D620N VPS35
leads to complex I and II defects that can be rescued by in-
hibiting mitochondrial fission (Zhou et al., 2017).

Given the integral role of VPS35 in regulating vesicle for-
mation and trafficking and given the newly appreciated role of
MDVs in removing damaged mitochondrial proteins (Ge et al.,
2020; Sugiura et al., 2014), a provocative possibility is that
VPS35 contributes to mitochondrial quality control through
MDV formation, with the D620N mutation compromising this
function. Whether this impairment stems from a gain or loss of
VPS35 function and whether previously observed defects in
WASH complex binding or endolysosomal function may con-
tribute to these mitochondrial pathologies remain areas of fu-
ture investigation.

Parkin

Ubiquitination is an essential PTM that controls the function and
fates of proteins, relying on the successive actions of ubiquitin-
activating, conjugating (E2), and ligase (E3) enzymes (Zheng and
Shabek, 2017). Parkin is a 465-aa E3 ubiquitin ligase that can
conjugate mono- or polyubiquitin chains onto substrate proteins
via K48, K63, and other linkages. Parkin contains a C-terminal
really interesting new gene (RING) box domain consisting of two
RING finger motifs separated by an in-between-RING finger
(IBR) motif and an N-terminal ubiquitin-like (Ubl) domain. The
repressor element of parkin region separates the IBR and RING2
domains (Panicker et al., 2017).

Loss-of-function PRKN mutations are the most common
known cause of autosomal recessive (AR) PD (Kasten et al.,
2018). Structural and biochemical studies have shown that
parkin is an autoinhibited protein. Its Ubl domain as well as REP
region bind the RINGI1 domain and prevent access to the parkin
E2 enzyme-binding site (Kumar et al., 2015; Sauvé et al., 2015),
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while the RINGO domain directly occludes access to the catalytic
cysteine (Wauer and Komander, 2013). These negatively regu-
lating interdomain interactions need to be overcome during
parkin activation. Mitochondrial stressors—membrane depo-
larization, complex I deficiency, mTOR inhibition, mitochon-
drial DNA mutations, and misfolded proteins—cause parkin to
localize to the mitochondria in a phosphatase and tensin ho-
mologue (PTEN)-induced putative kinase 1 (PINK1)-dependent
manner (Pickrell and Youle, 2015). Once recruited to the mito-
chondria, parkin ubiquitinates many targets on the outer mito-
chondrial membrane (OMM). This is followed by ubiquitination of
inner mitochondrial membrane (IMM) proteins (Rose et al., 2016;
Riib et al., 2017; Sarraf et al., 2013). Parkin also ubiquitinates many
cytosolic targets, a topic that will be discussed in the subsequent
section.

PINK1

PINKI encodes a 58l-aa serine/threonine kinase with a
N-terminal IMM localization signal, IMM stop-transfer se-
quence, Ser/Thr kinase domain, and C-terminal OMM retention
signal (Pickrell and Youle, 2015; Riib et al., 2017). In the absence
of damage, PINK1 is transferred across the OMM until the stop-
transfer sequence. At this point, the kinase domain and C ter-
minus protrude out into the cytosol. PINKI is then cleaved at
A103 and F104 by IMM-bound proteases to a 52-kD fragment,
which is released into the cytosol and degraded via ubiquitina-
tion (Liu et al., 2017; Pickrell et al., 2015; Riib et al., 2017). As
such, basal levels of PINKI are undetectable. Mitochondrial
stresses such as membrane depolarization, electron transport
chain (ETC) complex dysfunction, mutagenic stress, and pro-
teotoxic stress impair transport through the OMM, thereby
preventing proteolysis. This results in the accumulation of
PINKI1 on the OMM, leading to dimerization and activation of the
kinase domain (Pickrell and Youle, 2015; Riib et al., 2017). Thus,
PINKI acts as a mitochondrial damage sensor that activates
mitochondrial quality control pathways. Because these afore-
mentioned studies on PINK1 cleavage and stability were per-
formed in mammalian systems, it is less clear whether PINK1
cleavage or signaling works in a similar manner in other model
systems such as Drosophila.

Mutations in PINKI are the second most common cause of AR
PD (Kasten et al., 2018). Most of the 60 pathogenic loss-of-
function PINKI mutations abolish kinase activity or disrupt the
PINKI-ubiquitin binding interface (Riib et al., 2017). While
PINKI1 is best known for cooperating with parkin to regulate
mitochondrial quality control, it also promotes mitochondrial
function by maintaining complex I activity in a parkin-
independent fashion (Vilain et al., 2012). Inactivating PINKI1
leads to decreased mitochondrial membrane potential, ETC de-
fects, increased reactive oxygen species (ROS) production, and
reduced ATP levels (Amo et al., 2014; Devireddy et al., 2015;
Morais et al., 2014; Morais et al., 2009). Circumventing complex
I by overexpressing a yeast electron carrier or treating with
electron carrier vitamin K2 rescues PINKI-KO defects (Vilain
et al., 2012; Vos et al., 2012). These data indicate that PINKI
plays a key role in maintaining complex I activity and protecting
ETC integrity in a parkin-independent manner.
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The PINK1-parkin pathway in mitochondrial quality control
Mitochondria are the primary site of oxidative energy genera-
tion, serve as key hubs of cellular signaling networks, me-
tabolize and construct biological macromolecules, and buffer
cytoplasmic Ca2* (Spinelli and Haigis, 2018). Reactive inter-
mediates generated by these processes can damage nucleic
acids, proteins, and lipids. These agents are especially danger-
ous to neurons, which have high energetic demands and rely
extensively on calcium signaling (Misgeld and Schwarz, 2017).
Mitochondrial dysfunction has long been recognized as a key
mechanism in familial and sporadic PD (Dawson and Dawson,
2003; Pickrell and Youle, 2015). Mitochondrial quality control
is an encompassing term that includes maintenance of mito-
chondrial function, mitochondrial turnover via mitophagy, and
the generation of new mitochondria. Mechanisms of mitochon-
drial quality control can be broadly categorized into mechanisms
that degrade damaged mitochondria (e.g., mitophagy), fission
and fusion, and mechanisms that mediate the production of new
mitochondria (e.g., biogenesis). Here, we describe the role of
parkin and PINK1 as central coordinators that regulate multiple
facets of mitochondrial quality control (Fig. 3; further reviewed
in Ge et al., 2020; Pickrell and Youle, 2015).

PINK1/parkin inhibit mitochondrial transport and promote
recycling of mitochondrial components

PINK1/parkin mediate the segregation of damaged mitochondria
by regulating fission/fusion dynamics and generating MDVs
(Fig. 3 C). In Drosophila, PINKI and parkin were shown to play a
role in the same genetic pathway that contributes to mito-
chondrial health in dopaminergic neurons, with PINK1 activa-
tion upstream of parkin activation (Clark et al., 2006; Park et al.,
2006). These studies also indicated that the defective mito-
chondrial phenotypes were caused by reduced fission. While
some subsequent studies support these findings (Yang et al.,
2008), others find contrary results in mammalian cells, show-
ing that PINKI1 signaling promotes fusion in some systems
(Dagda et al., 2009; Rojas-Charry et al., 2014). This could occur
due to the different model systems used, indicating that PINK1
and parkin could have antipodal roles in inducing mitochondrial
fusion and fission in different cell types. Alternatively, they may
play a role in maintaining the balance between these two pro-
cesses, and their loss or inactivation could promote either pro-
cess depending on the local environment or cell type. PINK1 and
parkin promote degradation of mitofusins 1/2, which mediate
mitochondrial fusion (Gegg et al., 2010; Glauser et al., 2011; Poole
et al., 2010; Rakovic et al., 2011; Sarraf et al., 2013; Yu et al., 2011;
Ziviani et al., 2010). In addition, PINK1 promotes mitochondrial
fission by recruiting Drpl to mitochondria (Buhlman et al., 2014;
Pryde et al., 2016). PINKI phosphorylation of miro (which links
kinesin to mitochondria) facilitates its ubiquitination by parkin,
thereby preventing mitochondrial transport and segregating
damaged mitochondria before their clearance (Fig. 3 D; Wang
et al., 2011).

Parkin/PINK1 also mediate the generation of MDVs, which
incorporate oxidized OMM, IMM, and matrix proteins. These
MDVs are targeted to and subsequently fuse with endosomes
via a syntaxin-17/SNAP29/VAMP6 SNARE complex (McLelland
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et al., 2016; Sugiura et al., 2014). In contrast to mitochondrial
fission, this pathway is Drpl-independent (Sugiura et al., 2014).
There also exist other subtypes of MDVs targeted to a variety of
other subcellular compartments such as peroxisomes (Sugiura
et al., 2014), but it is unclear which subtypes parkin/PINKI1
regulate. Overall, MDV-mediated removal of oxidized mito-
chondrial proteins may represent a selective mechanism by
which parkin/PINK1 can remove damaged mitochondrial com-
ponents without compromising overall mitochondrial function.

PINK1/parkin promote mitophagy

Parkin translocates to mitochondria in a PINKI1-dependent
manner following treatment of cells with carbonyl cyanide
m-chlorophenylhydrazone (CCCP; Fig. 3 B), which inhibits mi-
tochondrial function by uncoupling the proton gradient estab-
lished across the mitochondrial membrane used to synthesize
ATP (Narendra et al., 2008; Narendra et al., 2010; Vives-Bauza
et al., 2010). OMM proteins are polyubiquitinated by parkin,
resulting in the clearance of damaged mitochondria via mi-
tophagy (Chan et al., 2011; Ordureau et al.,, 2014; Sarraf et al.,
2013). Cleaved PINKI1 localizes to the cytosol, where it interacts
with parkin to repress its mitochondrial localization
(Fedorowicz et al., 2014), suggesting that PINKI1 cleavage serves
as an inhibitory mechanism preventing parkin mitochondrial
localization. While mitochondrial PINK1 is constitutively de-
graded in cells with healthy mitochondria, it accumulates on the
OMM upon depolarization (Matsuda et al., 2010; Narendra et al.,
2010). PINK1 phosphorylates the OMM GTPase mitofusin2
(Mfn2), which then serves as a docking site for parkin selec-
tively on dysfunctional mitochondria (Chen and Dorn, 2013). In
addition, phosphorylated ubiquitin chains mediate parkin re-
cruitment to damaged mitochondria (Okatsu et al., 2015; Ordureau
et al., 2014; Shiba-Fukushima et al., 2012). PINKI also phosphor-
ylates parkin at the S65 residue of its Ubl domain (Woodroof et al.,
2011). As discussed, this domain possesses auto-inhibitory prop-
erties, by binding to a region between the IBR and RING1 domains,
preventing the association of E2s with parkin (Chaugule et al,
2011). Furthermore, PINKI is an ubiquitin kinase, phosphorylat-
ing ubiquitin at S65, which can then mediate the mitochondrial
recruitment of parkin via an interaction with its RING1 and IBR
domains (Kane et al., 2014; Kazlauskaite et al., 2014; Koyano et al.,
2014; Wauer et al., 2015).

Another PARK protein, F-box only protein-7 (FBX07), can
participate in recruiting mitochondrial substrates to parkin.
F-box domain-containing proteins have traditionally been shown to
recruit substrates to Skpl Cull FBOX 3 ligase complexes (Skowyra
et al., 1997). FBXO7 knockdown prevented the mitochondrial re-
cruitment of parkin and its ectopic expression rescued TH neuron
loss and climbing deficits in parkin mutant drosophila. FBXO7 also
promotes the parkin-mediated ubiquitination of the parkin sub-
strate, Mfn2 (Burchell et al., 2013).

Recently, the in vivo significance of mitophagy induction
studies has been called into question, since they have relied on
cell culture overexpression systems, non-mammalian models,
and chemical agents to induce profound levels of mitochondrial
dysfunction that probably do not occur in PD (Grenier et al.,
2013). Furthermore, endogenous neuronal parkin cannot bring
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Figure 3. Parkin and PINK1 signaling in PD. (A) Loss of parkin E3 ligase activity via PD-associated mutations or PTM results in the accumulation of its
substrates. Accrual of the amino-acyl tRNA cofactor AIMP2 results in poly(ADP-ribose) polymerase-1 (PARP1)-dependent neuron death. Buildup of PARIS/
ZNF746, a transcription inhibitor, prevents mitochondrial biogenesis by repressing the expression of PGC-1a, the master mitochondrial biogenesis regulator.
(B) PINK1 is a serine/threonine kinase that phosphorylates (depicted by a red PD) both ubiquitin and parkin at S65, allowing parkin to be recruited to damaged
mitochondria. This is followed by the parkin-mediated polyubiquitination of OMM proteins, culminating in the clearance of damaged mitochondria via mi-
tophagy. (C) PINK1/parkin signaling maintains a balance between mitochondrial fission and fusion. (D) Finally, PINK1/parkin inhibit mitochondrial transport by
phosphorylating and ubiquitinating the protein Miro, causing mitochondrial detachment from the microtubule. Ub, ubiquitin.

about increased mitophagy, even upon CCCP treatment (Van
Laar et al., 2011). Studies using patient-derived IPSCs are also
contentious; while some investigators were not able to detect
parkin mitochondrial translocation in IPSC-derived neurons
(Rakovic et al., 2013), others demonstrated valinomycin induced
PINKI1-dependent parkin mitochondrial translocation (Seibler
et al,, 2011). Neurodegeneration in the mitoPARK (Dat-Cre +/-
TfamloxP/loxP) mice model, in which the mitochondrial tran-
scription factor TFAM is selectively knocked out in dopamin-
ergic neurons, was found to be parkin aindependent (Sterky
et al., 2011). However, TH neuron loss in mitochondrial Muta-
tor mice, which harbor a mutation in the DNA polymerase y
gene (a mutation that causes progressive mitochondrial dys-
function), was exacerbated upon parkin deletion (Pickrell et al.,
2015). An important caveat, however, is that it is unclear
whether human patients experience the same severity of mu-
tagenic stress present in these mutant mice.

A number of in vivo studies of mitophagy using pH-sensitive
fluorescent indicators found that basal mitophagy does occur in
the mature CNS in mouse and Drosophila (Cornelissen et al.,
2018; Kim et al., 2019; Lee et al., 2018; McWilliams et al., 2016;
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McWilliams et al., 2018; Sun et al., 2015). However, the role of
PINK1 and parkin in basal mitophagy in vivo is unclear, as three
of these studies found that PINK1/parkin-KO does not influence
rates of in vivo mitophagy (Kim et al., 2019; Lee et al., 2018;
McWilliams et al., 2018). While there are alternative parkin-
independent mechanisms of mitophagy (reviewed in Villa
et al., 2018), further investigation is needed to identify the
ones that contribute to mitophagy in the mammalian CNS.
Studies in human DA neurons derived from human IPSCs
lacking parkin indicate that the mitochondrial deficits are due to
defects in mitochondrial biogenesis and not mitophagy (Kumar
et al., 2020).

The mitochondrial PINK! and phospho-ubiquitin-mediated
parkin activation model suggests that parkin is maintained in
a basally auto-inhibited state via multiple inter-domain inter-
actions (Tang et al., 2017). Following mitochondrial damage,
PINKI1 is stabilized at the OMM, and phosphorylates ubiquitin.
Phospho-ubiquitin binding to the RING1 domain and PINKI-
mediated S65 phosphorylation within its Ubl domain allow it
to attain maximum ubiquitin-ligase activity. However, there is a
distinct lack of studies in vertebrate model systems that links
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mitophagy defects in contributing to PD neuron death. PINK1 was
also demonstrated to initiate parkin-independent mitophagy by
recruiting multiple autophagy receptors to damaged mitochondria
via ubiquitin phosphorylation, but this study was performed in
Hela cells using chemical agents that generate massive mito-
chondrial damage (Lazarou et al., 2015). Moving forward, it is
important to recognize the limitations of using nonneuronal cell
lines to propose neuronal functions of PINK1/parkin, given their
substantial metabolic differences and the absence of neuron-
specific cell biological features (Grenier et al., 2013). For exam-
ple, recent studies have demonstrated that PINK1 may play an
important role in promoting the neuron-specific function of
dendrite arborization and survival, in part through regulation of
mitochondrial trafficking (Dagda et al., 2014; Liu et al., 2020;
Matenia et al.,, 2012; Wang et al., 2018). The molecular players
identified in CCCP using assays will have to be demonstrated to
contribute to DA neuron death in mouse models of parkin/PINKI1
inactivation for their roles in disease progression to be solidified.

Parkin/PINK1 drive mitochondrial biogenesis

The removal of damaged mitochondria must be followed by
the synthesis of new mitochondria. Parkin/PINK1 directly pro-
mote mitochondrial biogenesis through degradation of PARIS
(ZNF746), a KRAB and zinc finger protein that represses the
transcription of PGC-la, a master regulator of mitochondrial bi-
ogenesis (Fig. 3 A; Shin et al., 2011). PINK1 phosphorylates PARIS,
priming it for ubiquitination by parkin and proteasomal degra-
dation (Lee et al., 2017). In models of PD, PARIS accumulates due to
the loss or inactivation of parkin, leading to down-regulation of
PGC-la, impairment of mitochondrial biogenesis, and degenera-
tion of SNpc DA neurons. Overexpressing PGC-1a restores mito-
chondrial biogenesis and prevents the loss of DA neurons (Shin
et al., 2011; Siddiqui et al., 2016; Stevens et al., 2015). Loss of PINK1
also leads to accumulation of PARIS, down-regulation of PGC-1a,
and the selective degeneration of SNpc DA neurons, which can be
rescued by reducing PARIS levels (Lee et al., 2017). In Drosophila
lacking parkin or PINK]1, defects in mitochondrial biogenesis due
to the up-regulation of PARIS and repression of PGC-1a drive the
loss of DA neurons (Pirooznia et al., 2020). In the context of in-
creased mitochondrial turnover, the regulation of PARIS and PGC-
la by PINKI1/parkin is likely essential for maintaining sufficient
mitochondrial content to meet the metabolic demands.

In addition to increasing PGC-la levels, parkin/PINK1 can
promote localized translation of critical nuclear-encoded elec-
tron chain components in Drosophila. PINK1/parkin mediate the
localization of nuclear-encoded electron chain component
mRNAs to the OMM and promote their translation by recruiting
translation initiation proteins and ubiquitinate the translational
repressor Glo (hnRNP-F; Gehrke et al., 2015). In addition, parkin
has been suggested to directly ubiquitinate translocase of outer
mitochondrial proteins Tom70 and Tom20 (Jacoupy et al., 2019;
Martinez et al., 2017; Rose et al., 2016; Sarraf et al., 2013), in-
creasing import of newly synthesized mitochondrial proteins
(Jacoupy et al., 2019; Martinez et al., 2017). Therefore, parkin/PINK1
may complement their role in PGC-la-dependent mitochondrial
biogenesis by inducing the local synthesis and import of mito-
chondrial proteins.
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Cytosolic substrates of parkin and PINK1

The dominant PINKl1/parkin activation model postulates that
cytosolic parkin (the bulk of parkin in the cell) is functionally
inactive and can only be activated upon mitochondrial locali-
zation following PINKl-mediated ubiquitin phosphorylation.
However, several studies have documented cytosolic parkin
substrates, which may indicate alternate parkin activation
mechanisms or suggest that phospho-ubiquitin may exist in
cytosolic niches (Fig. 3 A; Panicker et al., 2017). In addition to
PARIS, another cytosolic parkin substrate that may play a role in
the pathogenesis of PD is the amino-acyl tRNA cofactor AIMP2
(Corti et al., 2003). AIMP2 accumulated in the brains of PD
brains, as well as in parkin KO mouse brains (Ko et al., 2010).
Overexpression or accumulation of AIMP2 elicits neuron death
via poly(ADP-ribose) polymerase-1-dependent parthanatos ac-
tivation (Lee et al., 2013). Cytosolic parkin can be activated
through several potential mechanisms. First, posttranslational
modifications such as S-nitrosylation or sulfhydration have been
shown to activate parkin (Ozawa et al., 2013; Vandiver et al.,
2013). Furthermore, phospho-ubiquitin is present in cytosolic
niches (Lee et al., 2017) and thus likely participates in the acti-
vation of cytosolic parkin.

Cytosolic parkin substrates accumulate following inactiva-
tion of parkin through several mechanisms. In addition to acti-
vating parkin, S-nitrosylation can inhibit or prevent parkin
activation (Chung et al., 2004). Oxidation as well as covalent
modification by DA reduce its E3 ligase activity (LaVoie et al.,
2005; Meng et al., 2011). c-Abl-mediated tyrosine phosphoryl-
ation of parkin can also inhibit its activity (Ko et al., 2010).
Reducing c-Abl phosphorylation of parkin maintains it in a
catalytically active state in pathological a-syn models of neuro-
degeneration preventing the neurodegeneration by reducing the
levels of PARIS and AIMP2 (Brahmachari et al., 2019). The
propensity of parkin activity to be inhibited by ROS and c-Abl
activation suggests that parkin dysfunction may also con-
tribute to sporadic PD-associated neuronal deficits (Dawson
and Dawson, 2014).

A number of cytosolic PINKI substrates have also been
identified. PARIS has been shown to be a PINK1 kinase substrate
(Lee et al., 2017). Cytosolic PINK1 has also been reported to
phosphorylate the catalytic subunit of protein kinase A via a
signaling complex involving valosin-containing protein (VCP)
and p47, thereby promoting dendritic arborization through en-
hanced mitochondrial transport (Dagda et al., 2014; Wang et al.,
2018). Cytosolically localized PINK1 likewise has been shown to
protect against a variety of cell stressors including proteosome
inhibitor-induced protein aggregation, rotenone, and 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP; Gao et al., 2016;
Haque et al., 2008; Murata et al., 2011). Some of these studies
identify the putative cytosolic PINKI substrate involved, such as
the ubiquitin receptor sequestosome 1 (Gao et al., 2016). Others
identify downstream consequences, such as activation of Akt via
mTORC2, without confirming PINKI's direct target (Murata
et al., 2011). Future studies into the disease-relevant conditions
that trigger PINK1 accumulation in the cytosol and its subse-
quent cytosolic substrates may yield further insights into stress
responses regulated by PINKI.
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DJ-1
DJ-1 (PARKY) is an evolutionarily ancient gene and is unique
among PD-linked genes in that it is conserved in prokaryotes
and eukaryotes (Cookson, 2012). It encodes a small, 189-aa
protein with three oxidation-sensitive cysteines (C46, 53, and
106), which exists as a homodimer localized to the cytosol, mi-
tochondria, and nucleus (Biosa et al., 2017; Dolgacheva et al.,
2019). PARK7 PD is inherited in an AR fashion, with loss of
function mutations disrupting DJ-1 protein stability and homo-
dimerization (Malgieri and Eliezer, 2008).

DJ-1 as a dose-dependent detector of oxidative stress

Though DJ-1 is involved in many cellular functions (further re-
viewed in Biosa et al., 2017; Dolgacheva et al., 2019; van der Vlag
et al,, 2020), it is generally accepted that its primary function is
to protect against oxidative damage. Its loss in cells and animals
causes progressive, age-dependent oxidative stress, antioxidant
response deficiencies, and ROS elevation (Andres-Mateos et al.,
2007; Canet-Avilés et al., 2004; Taira et al., 2004). The C106
residue is critical for this function, and mutation of this residue
eliminates DJ-1's ability to protect against toxic insults. Upon
exposure to mild ROS levels, C106 (-SH) is oxidized to sulfinic
acid (-SOOH), a modification essential for DJ-1 function (Andres-
Mateos et al., 2007; Canet-Avilés et al., 2004; Meulener et al.,
2006). At higher ROS levels, DJ-1 is oxidized to sulfonic acid
(SOsH), which inactivates its protective activity (Gautier et al.,
2012; Meulener et al., 2006; Wang et al., 2014). As such, the
stepwise modification of C106 under progressively higher levels
of ROS allows DJ-1 to function as a dosage-sensitive oxidative
stress sensor (Cookson, 2012; Wang et al., 2014).

DJ-1 protection against protein glycation: An unresolved debate

DJ-1 may also protect against glycation, the spontaneous and
unregulated formation of covalent modifications on proteins,
nucleic acids, and lipids by reactive aldehydes and reducing
sugars (Ott et al., 2014). Extensive protein glycation leads to loss
of protein function and aggregation in neurodegenerative
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diseases (Ott et al., 2014). Two primary defenses against glyca-
tion include glyoxalases that convert reactive aldehydes into less
reactive products, and deglycases that remove glycation adducts
from proteins (Pfaff et al., 2017a; Richarme et al., 2017).

While DJ-1 has been consistently found to protect against
glycation, whether it acts as a glyoxylase or deglycase is a matter
of vigorous debate (reviewed by Jun and Kool, 2020). Initial
evidence suggested that DJ-1 may function as a glyoxalase for
methylglyoxal (Hasim et al., 2014; Lee et al., 2012; Matsuda et al.,
2017). However, other groups found that DJ-1’s activity appears
more consistent with that of a protein deglycase (Richarme and
Dairou, 2017; Richarme et al., 2015; Zheng et al., 2019). Further
work by one of these groups suggested that DJ-1 could also de-
glycate guanine nucleotides in DNA and RNA (Richarme et al.,
2017). These findings have been contradicted by follow-up
studies suggesting that the reported deglycase activity of DJ-
1 may result from a buffer artifact or spontaneous breakdown of
glycated molecules (Andreeva et al., 2019; Pfaff et al., 2017a; Pfaff
etal., 2017b). While it is generally agreed that DJ-1 plays a role in
protecting cells from glycation damage, further work is required
to identify whether its primary role is to detoxify the unconju-
gated reactive molecules as a glyoxylase or to undo their damage
to endogenous biomolecules as a deglycase (Jun and Kool, 2020).

DJ-1 signaling activates diverse protective responses against
oxidative stress

DJ-1 is thought to possess a degree of intrinsic antioxidant
function and activate other protective pathways in response to
oxidative stress. These diverse pathways converge on defense
against damage by reactive chemical species such as ROS, re-
active aldehyde species, and reducing sugar molecules. DJ-1 has
been reported to serve as an atypical peroxiredoxin-like per-
oxidase (Andres-Mateos et al., 2007), increase mitochondrial
uncoupling protein expression (Guzman et al., 2010), and
modulate the function of antioxidant proteins peroxiredoxin
2 and paraoxonase-2 through protein-protein interactions
(Fernandez-Caggiano et al,, 2016; Parsanejad et al., 2014).

Given DJ-1's striking evolutionary conservation and staggering array of biochemical and cellular functions, we and others (Biosa et al., 2017) speculate that it should
be classified as a moonlighting protein. Moonlighting proteins are a growing group of proteins that are highly evolutionarily conserved and have multiple distinct
biochemical activities and functions (Jeffery, 2003; Singh and Bhalla, 2020). These proteins include cytochrome C, a core component of the ETC that also induces
apoptosis; and a crystallins, the transparent proteins of the cornea and lens that also exhibit chaperone activity (Singh and Bhalla, 2020). One common hypothesis
for the emergence of such multifunctional proteins is the chance interaction hypothesis, whereby novel functions are formed and reinforced by serendipitous
protein-protein interactions that are evolutionarily advantageous (Copley, 2014; Singh and Bhalla, 2020). Consistent with this hypothesis, many moonlighting
proteins have features that increase their probability of random interactions: ubiquitous expression, localization to multiple subcellular compartments, ability to
undergo PTMs, and interactions with diverse binding partners (Copley, 2014; Singh and Bhalla, 2020). DJ-1 shares all of these features. DJ-1 is expressed across
nearly all major CNS cell types, brain regions, and organs of the adult mouse (Bader et al., 2005; Han et al., 2018; Lein et al.,, 2007; Saunders et al., 2018), localizes to
multiple subcellular compartments (Canet-Avilés et al., 2004; Taira et al,, 2004; Zhang et al., 2005a), undergoes oxidative modifications essential for its function
(Andres-Mateos et al., 2007; Canet-Avilés et al,, 2004; Meulener et al., 2006), and carries many of its functions through binding partners such as PTEN, per-
oxiredoxin 2, and paraoxonase-2 (Choi et al., 2014; Dolgacheva et al., 2019; Fernandez-Caggiano et al,, 2016; Parsanejad et al., 2014). Thus, we speculate that DJ-1's
dose-dependent modification under oxidative stress was co-opted by different stress-response systems as an activation signal.

What does this mean for future research into DJ-1's role in PD? First, if DJ-1 has evolved as an oxidative stress sensor present in diverse eukaryotic and
prokaryotic species, we reason that it elicits vastly different adaptive responses between organisms due to the different stressors they experience. This becomes
an important consideration given that some proposed DJ-1 functions were initially uncovered by studies using YajL—an Escherichia coli orthologue of DJ-1 sharing a
mere 40% peptide sequence identity with human DJ-1—or by expressing human DJ-1 in nonmammalian cell lines (Biosa et al., 2017; Gautier et al., 2012; Le et al,
2012; Pfaff et al.,, 2017a; Richarme et al., 2017). Furthermore, gene regulation may also greatly differ between species; for example, Drosophila carries two separate
DJ-1 orthologues (Biosa et al,, 2017). As such, the disease relevance of reported DJ-1 functions must be validated through expression of human/mammalian DJ-1 in
appropriate mammalian cellular contexts (preferably in vivo). Furthermore, identifying downstream signaling factors is essential in understanding D)-1's function.
Future studies are needed to identify the full diversity of DJ-1's interactome, and how it varies between organisms and cell types, in order to identify disease-
relevant pathways downstream of DJ-1.

Panicker et al.

The cell biology of Parkinson’s disease

Journal of Cell Biology
https://doi.org/10.1083/jcb.202012095

920z Atenuged 60 U0 3senb Aq 4pd-G6021020Z A0l/S1LOYES L/SE0Z L02028/1/02Z/4Ppd-8joe/qol/Bi0"sseidnu//:dny woy papeojumoq

15 of 31


https://doi.org/10.1083/jcb.202012095

Furthermore, DJ-1 may promote the transcription of Nrf2-
controlled antioxidant stress genes by causing Nrf2 to dissoci-
ate from its inhibitor, KEAP (Clements et al., 2006; Im et al.,
2012). Treatment with a short DJ-1-derived peptide has been
shown to activate the Nrf2 pathway (Lev et al., 2015). Ablation of
PTEN, a negative regulator of Akt activation, is protective in
various PD mouse models (Domanskyi et al., 2011), and DJ-1 can
inhibit PTEN activity by transferring a nitric oxide group from
C106 to PTEN (Choi et al., 2014; Kim et al., 2005). Finally, DJ-
1 has also been shown to protect against protein aggregation, a
major consequence of oxidative stress (Tyedmers et al., 2010),
through protein chaperone activity (Kthiri et al., 2010; Le et al.,
2012; Zhou et al., 2006; Zondler et al., 2014).

At a high level, the role of DJ-1 seems to converge on pro-
tecting cellular macromolecules from damage by reactive
chemical species. However, it is unclear how a small protein of
189 amino acids can have such a staggeringly diverse range of
enzymatic, transcriptional, and chaperone activities (see text
box). One possible explanation for these findings is that DJ-1 may
behave differently between species or cell types. For example,
DJ-I's role in Nrf2 pathway regulation may be cell type-
dependent; it appears to be dispensable in astrocytes (Gan et al.,
2010), but not in other cell lines (Clements et al., 2006). Further
characterization is required to understand how DJ-1 function
depends on cell type differences in gene expression or stress
exposure. Another possibility is that DJ-1 functions primarily as
an oxidative stress sensor that works in concert with numerous
binding partners or signaling pathways to activate diverse anti-
stress pathways. While individual binding partners have been
identified for DJ-1, systematic interrogation of DJ-1’s interactome
may yield further insights.

Non-cell-autonomous pathways contributing to neuronal
death in PD

PD research has largely focused on mechanisms that cause neuron
dysfunction and death, but it has now become apparent that
neurodegeneration results from both cell-autonomous mecha-
nisms occurring within neurons and non-cell-autonomous pro-
cesses driven by other cell types. Neuroinflammation mediated by
microglia and astrocytes is a prominent feature of PD, with evi-
dence of increased number and activity of microglia accompany-
ing the loss of DA neurons in the substantia nigra (Bartels and
Leenders, 2007; Mosley et al., 2006; Whitton, 2007). We now
review evidence from the human disease and animal models of
nonneuronal contributions to disease, mechanisms by which
a-syn triggers neuroimmune activation, and insights into glial cell

biology through monogenic PD-linked genes (Fig. 4).

Evidence of neuroinflammation from the human disease and

PD models

DA neuron death occurs in part through microglia activation
(Fig. 4 A). Microglia produce potentially neurotoxic factors, in-
cluding pro-inflammatory cytokines such as TNF-a and IL-1f,
ROS, and nitric oxide (Glass et al., 2010). The risk of PD is in-
creased in individuals with polymorphisms in the TNF-a and IL-
1B genes (Hakansson et al., 2005; Kriiger et al., 2000; McGeer
et al, 2002). The involvement of these molecules strongly
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implicates microglia in PD pathogenesis, as their release of IL-1a,
TNF-a, and complement protein CIQ can induce astrocytes to
adopt a pro-inflammatory “Al” fate, which means they do not
partake in synapse formation, lose their phagocytic activity, and
are directly neurotoxic (Fig. 4 C; Liddelow et al., 2017).

Given that activated microglia are antigen-presenting cells
that can activate T cells (Aloisi, 2001; Gehrmann et al., 1995), a
subsequent question is whether the adaptive immune system
may also contribute to PD. GWAS have found that poly-
morphisms in the human leukocyte antigen (HLA) genes in-
volved in antigen presentation are associated with a greater risk
of PD development (Hamza et al., 2010; Nalls et al., 2011). Fur-
thermore, postmortem pathology studies show CD8* and CD4*
T cell infiltration in PD brains (Brochard et al., 2009). The of-
fending antigen in this case is hypothesized to be misfolded/
nitrated a-syn. Administration of MPTP results in a-syn
drainage into lymph nodes, where it elicits a T cell response
(Reynolds et al., 2009). Furthermore, a-syn-derived peptides act
as antigenic epitopes and mediate helper and cytotoxic T cell
responses in PD patients (Sulzer et al., 2017). This finding,
coupled with the discovery that human DA neurons express
MHC-I and can attract a cytotoxic T cell attack (Cebridn et al.,
2014), could account for T cell-mediated DA neuron death
(Fig. 4 D).

Further evidence supporting the role of the adaptive immune
system is the finding that preventing adaptive immune activa-
tion is neuroprotective in PD models. Regulatory T cells are a
subset of CD4* T cells that can actively dampen immune cell
hyperactivation via immunosuppressive cytokine secretion
(Josefowicz et al., 2012). Adoptive transfer of regulatory T cells
was able to strongly ameliorate microglial activation and pre-
vent DA neuron death in MPTP-injected mice (Reynolds et al.,
2007). Recently, an intriguing study in macrophages showed
that parkin and PINKI may repress mitochondrial antigen pre-
sentation, thereby preventing T cell activation (Matheoud et al.,
2016). Loss of PINK1 leads to mitochondrial antigen presenta-
tion, triggering cytotoxic T cells to infiltrate the brain and di-
rectly attack DA neurons (Matheoud et al., 2019). As such,
parkin/PINKI may play a critical role in limiting adaptive im-
mune attacks on SNpc DA neurons (further reviewed below and
in Ge et al., 2020), a function that may be compromised in
disease.

It is notable that many PD transgenic knock-in/KO mouse
models do not exhibit DA neuron death in the SNpc. DA neuron-
specific overexpression of A53T or C-terminally truncated, 115-
aa a-syn also fails to elicit SNpc neuronal death (Daher et al.,
2009). While expressing longer 130-aa a-syn does induce DA
neuron loss, this occurs during embryogenesis and is not pro-
gressive (Wakamatsu et al., 2008). On the other hand, PD model
systems that entail non-cell-autonomous pathologies, such as
the PFF model, and AAV-mediated a-syn overexpression do
elicit DA neuron death (Luk et al., 2012; Oliveras-Salva et al.,
2013). We speculate that the latter set of model systems may be
more effective at mediating neuron loss since they entail a glial
response component, whereas the pathology of the former set of
models is largely restricted to neurons through cell type-specific
expression. Microgliosis has been documented in virtually every
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Figure 4. Non-autonomous signaling pathways in PD. (A) Hyperactivated microglia, reactive Al astrocytes, and cytotoxic T cells can independently or
cooperatively act to mediate DA neuron death in PD. (B) a-Syn oligomers or aggregates released from dysfunctional DA neurons can activate the NF-«B
pathway in microglia. LRRK2 may play a role in this process. This results in a pro-inflammatory cytokine response. Endocytosed a-syn oligomers or PFFs can
also mediate mitochondrial dysfunction, resulting in the production of mitochondria-derived reactive oxygen species (mitoROS), which activates the NLRP3
inflammasome, resulting in IL-1B processing and secretion. Microglia-released pro-inflammatory cytokines and ROSs can directly elicit DA neuron death.
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Parkin/PINK1 signaling dampens inflammasome activation by preventing mitoROS release. (C) Activated microglia can produce IL-1a, TNF-q, and C1Q to elicit
the formation of reactive Al astrocytes, which directly kill neurons via an unknown mechanism. (D) Aberrant auto-processing of a-syn in DA neurons can result
in the generation of a-syn antigenic epitopes, which, when presented by MHC class | molecules, can drive autoimmune cytotoxic T cell responses that result in

DA neuron death.

mouse model of PD that exhibits TH neuron loss in the SNpc,
including the MPTP, 6-hydroxydopamine, a-syn AAV, and A53T
a-syn overexpression models (Fourgeaud et al., 2016; Panicker
et al., 2015; Theodore et al., 2008). The signaling mechanisms
that link chronic microglial activation to neurodegeneration in
PD remain an active area of investigation.

Glial activation by aggregated/misfolded o-syn

As discussed, the prion-like spread of a-syn is a non-cell-
autonomous process (Fig. 4 B). a-Syn aggregates can be taken
up not only by neurons but also by many other major CNS cell
types. Neuron-released a-syn can be endocytosed by astrocytes,
which then assume a pro-inflammatory phenotype (Lee et al.,
2010c). Oligodendrocytes can also endocytose both monomeric
and, to a lesser extent, fibrillar a-syn (Reyes et al., 2014). Mi-
croglial uptake of a-syn is well-documented. Aggregated forms
of a-syn are able to potently activate microglial cells, leading to
the robust production of pro-inflammatory cytokines and the
activation of the NLRP3 inflammasome (Gordon et al., 2018; Lee
et al., 2010b; Zhang et al., 2005b). The mechanisms through
which this mediates pro-inflammatory signaling are still being
elucidated; Toll-like receptor 2 and CD36 were shown to play a
crucial role in the microglial uptake of a-syn, as well as in ini-
tiating pro-inflammatory signaling and the production of vari-
ous inflammatory mediators (Kim et al., 2013a; Panicker et al.,
2019).

The role of monogenic PD genes in glial biology

Several other PARK proteins have well-documented roles in glial
cell biology that may contribute to PD progression. Apart from
neurons, LRRK2 is expressed by microglia, astrocytes, and oli-
godendrocytes. Its microglial expression is lipopolysaccharide
(LPS)-inducible, and inhibiting it pharmacologically or through
gene silencing attenuated neuroinflammatory responses in mi-
croglia (Moehle et al., 2012). LRRK2-deficient microglia have re-
duced pro-inflammatory responses compared with WT microglia
(Russo et al., 2015). Microglia isolated from mice harboring the
LRRK2 R1441G mutation exhibited increased pro-inflammatory
cytokine production (Gillardon et al., 2012). LRRK2-deficient rats
were found to be resistant to intracranial LPS and a-syn-mediated
DA neurodegeneration. Within the midbrain, LRRK2 expression is
inducible in myeloid cells, and the neuroprotection in LRRK2-
deficient rats can be attributed to attenuated myeloid cell re-
cruitment (Daher et al., 2014). Compared with age-matched con-
trols, LRRK2 expression is increased in B cells, T cells, and
monocytes from PD patients (Cook et al., 2017). Consistent with its
pro-inflammatory role, polymorphisms around LRRK2 are asso-
ciated with an increased risk of Crohn’s disease and leprosy, two
inflammatory diseases (Barrett et al., 2008; Zhang et al., 2009).
We further speculate that the central role of LRRK2 in vesicle
trafficking may also contribute to mediating pro-inflammatory
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responses, given the essential role of the secretory system in re-
leasing pro-inflammatory cytokines (Stow et al., 2009). However,
to the best of our knowledge, this hypothesis has not been directly
tested.

Loss of parkin function in non-dopaminergic cells may also
contribute to PD pathology. It is expressed in microglia and
down-regulated following pro-inflammatory NF-«B activation
upon LPS or TNF-a stimulation. Parkin-deficient macrophages
show hyperactivated pro-inflammatory responses (Tran et al.,
2011). As mentioned previously, parkin/~ mice do exhibit
spontaneous DA neuron loss in the SNpc. However, repeated,
low-dose systemic treatment with the inflammation inducer LPS
caused SNpc DA neuron death in parkin KO, but not WT mice,
suggesting that parkin deficiency might sensitize mice to neu-
roinflammatory insults and that parkin might contribute to
non-cell-autonomous processes linked to PD (Frank-Cannon
et al., 2008). Activation of the NLRP3 inflammasome leads to
parkin inactivation via proteolytic cleavage, which inhibits mi-
tophagy. This leads to an increased mitochondrial ROS genera-
tion and subsequent activation of the NLRP3 inflammasome in
macrophages (Yu et al., 2014). There are further data suggesting
that parkin regulates inflammatory signaling in vivo; parkin-KO
microglia and astrocytes display more severe mitochondrial
deficits compared with their WT counterparts. In fact, the de-
gree of mitochondrial defects seen in the glia was more severe
than that observed in parkin-KO neurons (Schmidt et al., 2011).
Cortical brain slices from PINKI1-deficient mice showed in-
creased basal cytokine production when compared with brain
slices from WT mice (Kim et al., 2013b). The accumulation of
mitochondrial DNA was found to contribute to significant neu-
roinflammation and cytokine production, resulting in DA neu-
ron death in mice lacking parkin and PINKI. Deletion of the
STING, which is required for the type 1 interferon response,
abrogated neuroinflammation and neuron loss in these mice
(Sliter et al., 2018). Finally, intestinal infection of PINKI-
deficient mice with Gram-negative bacteria was sufficient to
reduce striatal DA innervation, suggesting that PINKI-mediated
repression of immune function may contribute to its role in
preventing PD onset (Matheoud et al., 2019).

As described above, DJ-1 is expressed nearly ubiqui-
tously across cell types in the CNS. Its expression can be
increased by oxidative stress in astrocytes (Yanagida et al.,
2009). Furthermore, DJ-1 can regulate interferon-y-mediated
pro-inflammatory signaling in both microglia and astrocytes
by mediating the interaction between STATI and its phos-
phatase SHP1, leading to reduced production of microglial
nitrite and astrocytic induction of interferon regulatory factor-1
(Kim et al., 2013c).

Hence, PD-associated proteins play fundamental roles in glial
cell biology, and the degree to which their glial roles contribute
to PD disease phenotype is an area of active investigation. With
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the recent development of numerous transgenic mice permit-
ting selective gene KO in microglial lineages (Goldmann et al.,
2013; Kaiser and Feng, 2019; McKinsey et al., 2020), the glia-
specific roles of PD-associated proteins can be investigated in PD
mouse models with greater acuity. It is possible that glial-
specific parkin or PINK1 KO mice may exhibit spontaneous in-
flammation or exacerbated inflammation when subjected to
inflammogen treatment. The inverse results would be expected
when using microglia-specific LRRK2 KO mice.

Concluding remarks
Prior to the discovery of the first PD-associated gene, toxin-
induced murine models of PD, such as MPTP and 6-
hydroxydopamine, dominated the field and remain popular to-
day. These models have been invaluable in identifying stages of
the disease, translate to primate model systems (Eslamboli et al.,
2005; Porras et al., 2012), and are amenable to preclinical testing
of therapeutic agents. However, the acute DA neuron death in-
duced by these toxins does not resemble the slow, progressive
neurodegeneration in PD and fails to recapitulate other neuro-
pathological hallmarks of PD, such as formation of LBs (Tieu,
2011). Perhaps as a result of these limitations, these model sys-
tems have not yielded a disease-modifying treatment for PD.
The discovery of monogenic PD genes and characterization of
their protein products have provided important insights into the
pathogenesis of familial and sporadic PD. Among these classic PD
genes are o-syn, a presynaptic protein that disrupts cellular
functions by forming aggregates, which spread in a prion-like
manner. It can also elicit deficits in synaptic transmission and

Unifying cell biological pathways of PD genes
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autophagy. Pathogenic mutations of LRRK2, a kinase and
GTPase, cause DA neuron death through cytoskeletal re-
arrangements, vesicular sorting defects, and shifts in global
protein translation. VPS35 is part of the retromer complex, and
is critical for maintaining lysosomal function and mitochondrial
dynamics through retromer’s role in vesicular transport. Parkin
is an E3 ubiquitin ligase, and its substrates accumulate following
its deletion or mutation. Accumulation of these substrates drives
neuron death through parthanatos and defects in mitochondrial
biogenesis. PINK1 is a mitochondrial protein kinase that coop-
erates with parkin to regulate mitochondrial quality control, and
maintains ETC function in a parkin-independent fashion. DJ-
1 acts a multi-function protein, detecting ROSs and activating
neuroprotective signaling pathways.

Collective evidence implicates a diverse array of cell biolog-
ical processes that go awry in PD. Many lines of evidence con-
verge upon failure of proteostasis, defects in vesicular transport
and endolysosomal function, and failure of mitochondrial qual-
ity control/oxidative stress responses as core, interconnected
mechanisms of neurodegeneration (see text box). While we
summarize these pathways in separate sections, it is important
to recognize that they are highly interconnected. For example,
failures in endolysosomal function can inhibit proper protein
turnover (e.g., VPS35 and GCasel mutations causing a-syn ag-
gregation), while proteostatic failure and vesicular trafficking
defects will disrupt mitochondrial quality control (e.g., a-syn,
LRRK2, and VPS35 causing mitochondrial defects). Furthermore,
it is becoming increasingly evident that many of the pathways
discovered in genetic models play a critical role in both familial

Defects in protein degradation and loss of proteostasis. The clearest example of this is the aggregation of a-syn triggered by gene mutation, increased gene
copy number, posttranslational modifications, or seeded by extrinsic aggregates. Numerous PARK genes likely also contribute to impaired a-syn proteostasis. Loss
of GCasel leads to lysosomal and autophagy defects that impair defense against a-syn aggregates, while accumulation of its lipid substrates may also promote
aggregation. LRRK2 kinase also indirectly aggravates a-syn pathology in a kinase-dependent manner (reviewed in O’Hara et al., 2020) through mechanisms such as
including accelerated aggregation of a-syn into inclusions following a-syn fibril treatment and increased transcellular propagation (Bae et al., 2018; Volpicelli-Daley
et al, 2016). Furthermore, VPS35's role in supporting endolysosomal function by regulating vesicular trafficking has also been reported to regulate a-syn levels,
while DJ-1 has been reported to function as a protein chaperone to ameliorate the aggregation of proteins such as a-syn. Beyond a-syn alone, loss of VPS35 greatly
aggravates proteotoxic stress induced by elF4G1 overexpression, while LRRK2 promotes protein translation through multiple mechanisms, suggesting that PD
genes that modulate a-syn pathology may have more general roles in maintaining proteostasis.

Disruption of vesicular trafficking and endolysosomal function. LRRK2 and VPS35 play an essential role in regulating vesicular trafficking. While LRRK2 and
VPS35 both have independent functions at different levels of the endolysosomal system, numerous studies have proposed a strong genetic interaction between
both proteins (Inoshita et al,, 2017; Linhart et al., 2014; MacLeod et al., 2013; Mir et al., 2018). Further studies propose either a direct interaction between the two
proteins or regulation of a common molecular target (MacLeod et al., 2013; Mir et al., 2018), indicating some degree of convergence upon shared cellular pathways.
Furthermore, GCasel also may impair these pathways through aggregation of mutant GCasel in the ER or through lysosomal dysfunction (see main text). GCasel
function and localization require intact vesicular trafficking, a process that can be disrupted by expression of mutant LRRK2 and rescued by LRRK2 inhibition
(Sanyal et al,, 2020; Ysselstein et al., 2019). These collective defects lead to a cascade of cellular failures such as impaired clearance of damaged proteins and
organelles, inability to meet metabolic demands, and failure of synaptic function (Hunn et al., 2015). Critically, just as these defects can disrupt proteostasis and
contribute to a-syn pathology, a-syn aggregates themselves can also feedback to disrupt vesicular trafficking and endolysosomal function (Cooper et al., 2006;
Hunn et al., 2015; Mazzulli et al., 2016).

Mitochondrial dysfunction and oxidative stress. Parkin and PINK1 are two classic examples of closely interacting proteins contributing to PD pathogenesis,
functioning together as a detector of mitochondrial damage and trigger of mitochondrial quality control pathways. Given the role of DJ-1 in oxidative stress
responses, it is unsurprising that loss of DJ-1 causes numerous mitochondrial defects (Biosa et al., 2017; Cookson, 2012). Furthermore, numerous studies have
found evidence of a bidirectional genetic interaction between parkin/PINK1 and DJ-1 (Hao et al,, 2010; Haque et al., 2012; Irrcher et al., 2010; Thomas et al., 2011),
suggesting that they may act together or in parallel to preserve mitochondrial function. a-Syn aggregation can also trigger mitochondrial defects in part by inducing
c-Abl activation, which phosphorylates and inactivates parkin and leads to the accumulation of parkin substrates (Brahmachari et al., 2016; Brahmachari et al.,
2019; Ko et al,, 2010). Disease-associated LRRK2 mutations further lead to mitochondrial defects through numerous mechanisms such as kinase-dependent
inactivation of PINK1/parkin (Bonello et al,, 2019; Singh et al,, 2019). Finally, given the known roles of VPS35 and PINK1/parkin in driving MDV formation and
regulating fission/fusion dynamics, an intriguing possibility is that both pathways may functionally or moleculary converge on the same molecular targets. Given
the unique energetic challenges imposed by the structural polarization, energy demand, and lifespan of CNS cells (Misgeld and Schwarz, 2017), they are uniquely
vulnerable to mitochondrial damage and thus rely on these protective mechanisms for their survival.
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and sporadic forms of PD. Further studies into the functions of
monogenic PD genes may thus lead to the identification of
promising therapeutic targets that can benefit most if not all PD
patients. While much work has gone into understanding the
neuronal function of these genes, it is also becoming clear that
many PD-associated proteins have non-cell-autonomous func-
tions in nonneuronal cells such as microglia, which could con-
tribute to the progression of PD. Further work may shed
important insights into mechanisms of non-cell-autonomous
neurodegeneration in PD.
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