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Abstract.

Mutations in leucine-rich repeat kinase 2 (LRRK2) cause autosomal dominant familial Parkinson’s disease (PD), with
pathogenic mutations enhancing LRRK?2 kinase activity. There is a growing body of evidence indicating that LRRK?2 con-
tributes to neuronal damage and pathology both in familial and sporadic PD, making it of particular interest for understanding
the molecular pathways that underlie PD. Although LRRK2 has been extensively studied to date, our understanding of the
seemingly diverse functions of LRRK?2 throughout the cell remains incomplete. In this review, we discuss the functions of
LRRK?2 within the endolysosomal pathway. Endocytosis, vesicle trafficking pathways, and lysosomal degradation are com-
monly disrupted in many neurodegenerative diseases, including PD. Additionally, many PD-linked gene products function in
these intersecting pathways, suggesting an important role for the endolysosomal system in maintaining protein homeostasis
and neuronal health in PD. LRRK2 activity can regulate synaptic vesicle endocytosis, lysosomal function, Golgi network
maintenance and sorting, vesicular trafficking and autophagy, with alterations in LRRK2 kinase activity serving to disrupt
or regulate these pathways depending on the distinct cell type or model system. LRRK2 is critically regulated by at least two
proteins in the endolysosomal pathway, Rab29 and VPS35, which may serve as master regulators of LRRK?2 kinase activity.
Investigating the function and regulation of LRRK?2 in the endolysosomal pathway in diverse PD models, especially in vivo
models, will provide critical insight into the cellular and molecular pathophysiological mechanisms driving PD and whether
LRRK?2 represents a viable drug target for disease-modification in familial and sporadic PD.
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INTRODUCTION

Parkinson’s disease (PD) is a common neurode-
generative disorder that causes a progressive loss
of dopaminergic neurons in the substantia nigra
pars compacta, resulting in the depletion of striatal
dopamine [1, 2]. This decrease in dopamine lev-
els primarily causes resting tremor, muscle rigidity,
and bradykinesia, and frequently postural instability
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[1, 2]. PD is the second most prevalent neurode-
generative disorder, affecting 1-2% of people over
the age of 65 worldwide [1, 2]. Currently, thera-
pies for PD patients alleviate motor symptoms but
do not slow disease progression [1, 2]. The etiol-
ogy of PD is unknown and the molecular pathways
that precipitate disease onset and contribute to dis-
ease progression remain incompletely understood.
Identifying and characterizing these pathways has
been the focus of PD research for the last 20 years,
as this is one of the most promising strategies for
developing effective disease-modifying treatments.
A growing body of research indicates that risk for
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Fig. 1. LRRK2 protein domain architecture with PD-linked familial mutations (red), sporadic PD risk variants (black), and sporadic PD

protective variants (green), as indicated.

developing PD is influenced by a complex interaction
between genetic and environmental factors together
with age. Many genes have been linked to PD, pro-
viding insight into the cellular mechanisms that may
underlie neuronal pathology. Most of the mono-
genic causes of PD lead to early-onset autosomal
recessive PD or parkinsonism (Parkin, PINKI, DJ-
1, ATP13A2, PLA2G6, FBXO7, DNAJC6, SYNJI),
or X-linked early-onset PD (RAB39B) [3-6]. Mis-
sense mutations have also been identified in a
handful of genes that cause early or late-onset auto-
somal dominant PD, including SNCA, LRRK?2, and
VPS35 [3-6]. Additionally, common coding or non-
coding variants at several distinct genomic loci have
been discovered to modify risk of developing PD
(i.e., GBA, LRRK2, MAPT, SNCA, SCARB2, GAK,
SH3GL2, TMEM175, ATP6VOAl, GALC, CTSB)
[7-18]. Many genes linked to PD or parkinsonism
play roles in endocytosis (LRRK2, SNCA, DNAJC6,
SYNJ1, GAK, SH3GL2) [19-26], vesicular traf-
ficking/sorting (LRRK2, VPS35, RAB39B) [27-29],
mitophagy (Parkin, PINKI) [30-32], or lysoso-
mal function (ATP13A2, GBA, SCARB2, TMEM175,
ATP6VOAI, GALC, CTSB) [33-42], broadly impli-
cating the endolysosomal pathway in PD.

LRRK2

Mutations in leucine-rich repeat kinase 2 (LRRK?2,
PARKS8) are the most common cause of familial
PD [43]. Missense mutations in LRRK2 cause late-
onset autosomal dominant PD, that is clinically
indistinguishable from sporadic PD [44, 45]. Neu-
ropathology in LRRK2 PD cases is also similar
to sporadic PD, with LRRK?2 subjects experiencing
progressive neurodegeneration of the nigrostriatal
pathway and often developing a-synuclein-positive
Lewy bodies, as well as tau pathology in the brain
[44, 46-48]. LRRK2 coding mutations have also
been identified that are associated with sporadic
PD whereas common non-coding variants at the
LRRK? locus are associated with increased risk for
developing PD [15, 49-51]. These findings suggest

that in addition to precipitating neuropathology in
familial PD, LRRK2 also contributes to pathways
that are involved in sporadic PD. Accordingly,
the characterization of LRRK2-dependent molecu-
lar pathways is a promising approach for identifying
novel therapeutic targets to treat familial and spo-
radic PD.

LRRK?2 is a relatively large multidomain protein
(2527 amino acids) that is expressed, at varying lev-
els, in many diverse tissues and cell types. At its N-
terminus, LRRK2 contains armadillo repeat, ankyrin
repeat and leucine-rich repeat domains. The enzy-
matic domains of LRRK2 are located in the center of
the protein; they include a Ras-of-Complex (ROC)
GTPase, a C-terminal-of-Roc (COR) and kinase
domain, followed by WD40 repeats at its C-terminus
(Fig. 1). LRRK2 has been shown to form homod-
imers, and dimerization is likely important for
regulating LRRK2 activity [52—-54]. PD-linked famil-
ial mutations cluster within the central enzymatic
domains (N1437H, R1441C, R1441G, R1441H,
Y1699C, G2019S, and 12020T) [55-60], and enhance
LRRK?2 kinase activity [61-64]. Familial mutations
commonly increase LRRK?2 autophosphorylation at
Ser1292 and the LRRK2-mediated phosphorylation
of substrates that include a subset of Rab GTPases,
suggesting that sustained increases in LRRK?2 kinase
activity can contribute to the initiation and progres-
sion of PD [61, 64-66].

Recent studies suggest increased LRRK2 kinase
activity and endolysosomal pathology in nigral dopa-
minergic neurons from brains of sporadic PD sub-
jects, including the accumulation of Rab5-positive
early endosomes, depletion of late endosomes,
depletion of lysosomes, and depletion of lyso-
somal GCase [67, 68]. Whether these vesicular
abnormalities are dependent on LRRK2 activity
is uncertain. In experimental neurotoxin models,
systemic rotenone exposure in rats elevates the
kinase activity of endogenous LRRK?2, induces nigral
dopaminergic neurodegeneration, accumulation of
phosphorylated a-synuclein, and endolysosomal
pathology that closely resembles sporadic PD brains
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[67, 68]. Additionally, rotenone-induced dopaminer-
gic neurodegeneration and endolysosomal pathology
are prevented by administration of the selective
LRRK?2 kinase inhibitor PF-360 [67, 68]. Although
these studies are certainly persuasive, the increase in
LRRK2 kinase activity in PD or rodent brain sec-
tions is monitored by novel proximity ligation assays
that have not yet been independently replicated by
other groups or validated by other methods. The pre-
cise mechanisms by which LRRK2 kinase activity
modulates endocytosis, vesicle trafficking, and degra-
dation pathways are areas of rapidly growing interest,
as these pathways appear to be central contributors to
the pathogenesis of familial and sporadic PD [69, 70].
This review will focus on the effects of pathogenic
LRRK?2 variants in endocytosis, vesicle trafficking,
lysosomal homeostasis and Golgi maintenance, as
these intersecting pathways are components of the
endolysosomal system and have been implicated in
disease pathology in PD subjects and in cellular and
animal models of PD [69, 70].

THE ENDOLYSOSOMAL PATHWAY

The endolysosomal pathway is a multifaceted,
highly regulated process that is critically important
for many cellular functions including proteostasis,
extracellular and intracellular signaling, organelle
homeostasis, and membrane organization. The
canonical endosomal pathway initiates with clathrin-
mediated endocytosis, and vesicle uncoating fol-
lowed by fusion of newly formed endocytic vesicles
with early endosomes. Early endosomes are mildly
acidic, which facilitates the uncoupling of ligands
and membrane-bound receptors for recycling. The
early endosome also acts as a sorting station,
targeting cargo towards one of three destinations:
1) back to cell surface membranes, directly or via
recycling endosomes, 2) for degradation through the
endosomal sorting complexes required for transport
(ESCRT) pathway or 3) for retrograde sorting to
the trans-Golgi network (TGN) through pathways
such as retromer complex sorting. Endosomes that
are targeted to the ESCRT pathway mature into late
endosomes where luminal pH decreases, and the
concentration of lysosomal enzymes increases as
endosomes move towards the nucleus. During late
endosome maturation, the ESCRT complex also
sequesters ubiquitinated proteins into intraluminal
vesicles forming multivesicular bodies (MVBs).
Mature late endosomes or MVBs then fuse with

lysosomes to initiate the proteolytic degradation of
cargo. (for review, see [71-73]).

The endolysosomal pathway also intersects with
the phagocytosis and autophagy pathways. Phago-
cytosis occurs when immune-related cells engulf
extracellular material such as apoptotic cells, cellular
debris, or infectious agents. Cargo in the phagocytic
pathway is recycled or degraded via the endolyso-
somal pathway when phagosomes fuse with late
endosomes or lysosomes. Autophagy occurs when
cells digest intracellular components through one
of three pathways: 1) macroautophagy, 2) microau-
tophagy, or 3) chaperone-mediated autophagy.
Macroautophagy is regulated by ULKI, which
induces the formation of a double-membraned
autophagosome, around large intracellular com-
ponents, that are marked for degradation. After
formation, autophagosomes undergo a series of mat-
uration steps, including lipidation of LC3-1to LC3-1I
before fusing with late endosomes or lysosomes.
Microautophagy occurs through the direct lysosomal
engulfment of small, unlabeled cellular components.
Chaperone-mediated autophagy is a process through
which chaperone proteins, such as Hsc70, deliver
small cellular components that are marked for degra-
dation, usually by ubiquitination, in cooperation with
the LAMP2A receptor to lysosomes for degrada-
tion. Phagocytosis, autophagy and vesicle trafficking
through the endolysosomal pathway are highly coor-
dinated processes that are regulated by many factors
(for review, see [71-73]).

Recent findings show that LRRK2 physically
or functionally interacts with numerous proteins
throughout the endolysosomal pathway, and that
manipulating LRRK?2 expression levels or kinase
activity leads to pathological disruptions in vesicle
trafficking and protein degradation (Fig. 2; Table 1).
Additionally, brain tissue from sporadic PD sub-
jects has shown accumulation of LRRK2 in enlarged
granules that colocalizes with the late endosome
protein Rab7b and lysosomal protein LAMP2 [74].
Disrupted trafficking or degradation of LRRK?2 in
the brain of sporadic PD subjects highlights the
endolysosomal system in PD pathogenesis and sug-
gests that LRRK?2 may contribute to this pathology.

LRRK?2 regulates the endolysosomal pathway at
multiple steps, through mechanisms that are not yet
well defined. One way that LRRK?2 likely impacts
this pathway is through interaction with or direct
phosphorylation of multiple Rab proteins localized
throughout the endolysosomal system [64, 66, 75]
(Table 2).
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Fig. 2. LRRK2 in the endolysosomal pathway. Key aspects of the endolysosomal pathway highlighting LRRK2-interacting proteins and
kinase substrates. *The specific subcellular location of VPS35-induced activation of LRRK?2 and subsequent Rab10 phosphorylation not been
established. As VPS35 resides in the retromer complex, and the retromer complex primarily localizes to endosomal and vesicular membranes
in the retrograde trafficking pathway, it most likely occurs on endosomal membranes, however this has not been directly assessed.

LRRK2 AND RABS

Rabs are small GTPases that reside on specific
intracellular compartments, many of which are in
the endolysosomal pathway. The highly specific
subcellular localization of Rabs is important for
their regulatory functions in this pathway and is
controlled by several distinct Rab-interacting pro-
teins. For example, binding to Rab escort proteins
(REPs) promotes prenylation of Rabs via geranyl-
geranyl transferase, which subsequently tethers Rabs
to compartment-specific membranes. Membrane-
bound Rabs can then be activated by guanine
nucleotide exchange factors (GEFs) that catalyze
the exchange of GDP for GTP. GTP-bound active

Rabs recognize specific effector proteins to facili-
tate docking and fusion of Rab-positive membranes
to target membranes. Rabs are also regulated by
GTPase-activating proteins (GAPs) that catalyze the
hydrolysis of GTP to GDP, switching their target
Rabs to an inactive state. GDP dissociation inhibitor
(GDI) proteins bind inactive Rabs and remove them
from membranes. Individual Rabs move onto and
off specific subcellular membrane compartments
throughout the endolysosomal pathway, in a highly
controlled manner to regulate signaling and sort-
ing throughout this pathway (for review, see [69,
76, 77]).

LRRK?2 complexes with, or directly phosphory-
lates multiple Rab proteins in the endolysosomal
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Table 1
LRRK2-interacting proteins in the endolysosomal pathway
Gene Relationship to LRRK?2 Function in endolysosomal pathway Reference
AP3B1 LRRK?2-interacting protein AP3 protein complex component [91, 98, 99]
LRRK2 and AP3B1 complex together to Localized to endosomal membranes
recycle lysosomal membrane proteins Regulates endosome maturation and vesicle
LAMPI and LAMP2 exocytosis, and recycling of lysosomal
membrane proteins
Generation of new synaptic vesicles
ArfGAP1 GAP-like protein for LRRK2 Golgi to ER retrograde vesicular sorting [125, 131, 132]
LRRK2 genetic modifier
LRRK2 kinase substrate
ATP13A2 Increased protein expression in G2019S P5-type ATPase localized to late endosomal [96]
LRRK2 brain tissue and lysosomal membranes
Auxilin 1 (DNAJC6) LRRK?2 kinase substrate Synaptic Vesicle Endocytosis [110]
LRRK?2-interacting protein
Auxilin 2 (GAK) LRRK2-interacting protein Clathrin uncoating [24, 126]

Dynamin 1, 2,3 LRRK2-interacting proteins

Endophilin A LRRK2 kinase substrate
GBA LRRK? familial mutants decrease lysosomal
GCase activity

LAMP2a LRRK2-binding partner

NSF LRRK?2 kinase substrate

Secl6a LRRK2-interacting protein

Syntaxin-6 (STX-6) LRRK2-interacting protein

SYNIJ1 LRRK?2 kinase substrate

VPS35 LRRK2-interacting protein

D620N mutation enhances phosphorylation

of LRRK2 kinase substrates
VPS52 LRRK2-interacting protein

Facilitates clathrin receptor binding at Golgi

and plasma membrane

Membrane scission in clathrin-mediated [115]
endocytosis

Synaptic Vesicle Endocytosis [19, 100, 117]
Autophagosome formation at neuromuscular

junction synapses

Lysosomal hydrolase [110, 111]
Lysosomal membrane protein; [158]
chaperone-mediated autophagy receptor

Golgi disassembly [104, 127, 137]
ER to Golgi anterograde transport [138]
SNARE protein at TGN [94]

[101, 116]
[79, 147, 148]

Synaptic vesicle endocytosis
Retromer complex subunit

Golgi-associated retrograde protein (GARP) [94]
complex subunit

pathway, including Rab29 [66, 75, 78, 79] (Table 2).
Recent studies have found that Rab29 can recruit
LRRK?2 to specific cellular compartments, includ-
ing the TGN and overloaded lysosomes [79-84].
Recruitment of LRRK2 by Rab29 subsequently
enhances LRRK2 kinase activity and promotes
LRRK?2-mediated recruitment of additional Rab pro-
teins [79—84]. Surprisingly, LRRK2 kinase activity
is also enhanced by Rab8a, Rab12 and Rab38, but
not to the extent of LRRK?2 activation by Rab29 [82].
LRRK2 activation by other Rabs has not yet been
fully investigated, and the functional implications
of these pathways are currently unclear. However,
emerging data suggest intriguing roles for LRRK?2-
mediated phosphorylation of Rab8a and Rabl10 in
regulating ciliogenesis and centrosomal cohesion
[66, 83, 85-87]. LRRK2-Rab interactions will be
further discussed in the following sections focus-
ing on individual components of the endolysosomal
pathway.

LRRK?2 DELETION DISRUPTS THE
ENDOLYSOSOMAL PATHWAY

LRRK?2 knockout in rodent models

LRRK?2 is expressed in many tissues and cell types,
with highest expression in lung, kidney, and immune
cells and relatively low expression in the brain [88].
LRRK?2 knockout mice and rats have discolored kid-
neys with lysosomal pathology that progresses with
age [88-94]. For example, LRRK?2 knockout leads to
the formation of large vacuoles, the accumulation of
lipofuscin granules, and formation of high-molecular
weight ubiquitin-positive protein aggregates in the
kidneys [88-93]. Specific perturbations in the
endolysosomal pathway have also been observed in
LRRK2 knockout kidneys including increased levels
of lysosomal proteins LAMP1, LAMP2 and cathep-
sin B, as well as enlarged LAMP1-positive vesicles
[89, 91, 93, 94]. Additionally, LRRK2 knockout
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Table 2
Rab proteins that interact with LRRK2
Gene Relationship to LRRK2 Function in endolysosomal pathway Reference
Rab3A/B/C/D LRRK?2 kinase substrate Ca’* -triggered synaptic vesicle release [66, 165]
Rab5B LRRK2-binding partner Endocytic vesicle fusion to early endosomes [102, 166, 167]
putative LRRK? kinase substrate Synaptic Vesicle Endocytosis
Rab7A LRRK?2-interacting protein Late endosome and lysosome membrane [166]
protein
Endocytic trafficking and lysosome
biogenesis
Rab8A LRRK?2 kinase substrate Trafficking and recycling of epidermal [66, 80, 168]
growth factor (EGF) and EGF receptors
from cell surface membrane
LRRK2-mediated recruitment to overloaded ~ Lysosomal overloading response
lysosomes
Rab8B LRRK2 kinase substrate Endocytosis and secretion [66]
Rab9 LRRK?2-interacting protein Retrograde trafficking [169]
Lysosome biogenesis
Rab10 LRRK?2 kinase substrate Lysosomal overloading response [66, 80]

LRRK2-mediated recruitment to overloaded

lysosomes

Rab29 (also known as  LRRK2 kinase substrate

Rab7L1) Recruits LRRK2 to the TGN and to
overloaded lysosomes
Activates LRRK?2

Rab35 LRRK?2 kinase substrate
Recruited to LRRK2-positive overloaded
lysosomes

Rab32 LRRK?2-interacting protein

Rab43 Putative LRRK?2 kinase substrate

TGN maintenance, retrograde trafficking [78, 80, 81, 128]
from late and recycling endosomes to TGN

Lysosomal overloading response

Endosome to plasma membrane recycling [75, 80, 170]
Plasma membrane receptor recycling

Retrograde trafficking [149, 150]
Anterograde trafficking of GPCRs from ER [66, 171]
to Golgi

mice are more susceptible to lysosomal overloading,
specifically in kidney tissue, in response to intraperi-
toneal chloroquine injections, exhibiting increased
LAMPI staining, vacuolization, and lipofuscin in
renal proximal tubule cells [80]. Perturbations in
autophagy have also been observed in LRRK2 knock-
out kidneys, as changes in LC3-1I/LC3-I protein lev-
els, however it is currently unclear whether LRRK2
knockout enhances autophagosome formation or
impairs autophagic flux in kidney tissue [88, 92].
LRRK?2 knockout also causes lysosomal pathology
in lung and liver tissues, manifesting as vacuoliza-
tion in both tissues, accumulation of lamellar bodies
in type II pneuomocytes in the lungs and formation
of lipid droplets in the liver [89, 90]. Notably, tis-
sues that express lower levels of LRRK?2, including
the heart and brain, exhibit no apparent endolysoso-
mal pathology in LRRK?2 knockout animals [§8-92].
LRRK2 knockout causes mild behavioral changes
in mice without causing dopaminergic neuronal
degeneration or overt neuropathology [88, 90-92].
LRRK?2 knockout may be compensated for by the
expression of its homolog LRRKI1 in the brain.
Interestingly, LRRK1/2 double knockout mice have
shortened lifespan, as well as modest age-dependent

dopaminergic neuronal degeneration and formation
of large autophagic vacuoles in the SN [95].

LRRK?2 knockout in non-mammalian models

In non-mammalian models and primary cell cul-
tures, depletion of LRRK2 disrupts endocytosis,
lysosomal function, and autophagosome formation
[91, 96, 97]. In C. elegans, mutation of the LRRK?2
homolog Irk-1 leads to depletion of endosomes in
motor neuron axons [91]. In this system, /rk-1 acts
downstream of Glo-1, the C. elegans homologue
of Rab29, and upstream of ABP-3, the C. elegans
ortholog of AP3BI, to regulate endocytosis [91].
Interestingly, Kuwahara et al. also observed a func-
tional interaction between LRRK2 and Rab29 in
mice [91]. Rab29 homozygous knockout mice have
endolysosomal kidney pathology that closely resem-
bles kidney pathology in LRRK2 knockout mice,
and Rab29/LRRK?2 double knockout mice do not
have additional kidney pathology compared to single
knockout mice [91]. These results suggest that Rab29
and LRRK?2 operate in a single common pathway
to maintain endolysosomal function [91]. AP3B1
is a component of the Adaptor Protein 3 (AP-3)
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complex, which regulates vesicle trafficking through
the endolysosomal system and synaptic vesicle gen-
eration from endosomes [91, 98, 99]. In cultured
mammalian cells, LRRK2 complexes with AP3B1
to regulate recycling of lysosomal membrane pro-
tein receptors LAMP1 and LAMP2 [91]. Knockdown
of either LRRK2 or AP3B1, in these cells, causes
mislocalization of LAMP proteins from lysosomal
membranes to cell surface membranes [91].

LRRK?2 also regulates lysosome function and mor-
phology in primary cultures. In primary astrocytes,
LRRK?2 knockout causes an increase in lysosome
number and a corresponding decrease in lysosome
size, as well as increased LAMP1 and LAMP2 pro-
tein levels [96]. LRRK2 knockout in primary cortical
neurons leads to increased lysosomal protein degra-
dation and increased LC3-II protein levels, indicative
of increased autophagosome formation [97].

LRRK? knockout disrupts synaptic vesicle
endocytosis

LRRK?2 knockout or knockdown also disrupts
synaptic vesicle endocytosis (SVE) in animals and
primary neuronal cultures [19, 100-104]. Knockout
of the Drosophila melanogaster LRRK2 homolog
Lrrk, impairs SVE at the neuromuscular junction
(NMJ) via decreased EndoA phosphorylation [100].
In this system, non-phosphorylated EndoA binds to
synaptic membranes to initiate SVE [100]. LRRK2-
mediated phosphorylation of EndoA then causes it
to dissociate from membranes, which is a critical
step in completing the SVE cycle [100]. In mouse
primary striatal neurons LRRK?2 knockout has been
observed to impair or enhance compensatory SVE in
response to neuronal stimulation [19, 103]. Mass et
al. also observed that LRRK2 knockout did not cause
SVE changes in primary hippocampal neurons or
changes in neurotransmission in acute hippocampal
slice recordings [103]. Additionally, LRRK1/2 double
knockout did not affect SVE in primary hippocam-
pal neurons or neurotransmission in hippocampal
slices, indicating that LRRK1 expression most likely
does not compensate for LRRK2 knockout in SVE
pathways in these neurons [103]. In primary corti-
cal neurons, acute knockdown of LRRK?2 expression
via siRNA gene silencing results in altered neuro-
transmission accompanied by changes in synaptic
vesicle recycling [104]. LRRK?2 knockdown in these
neurons increases the number of recycling synapses
under basal conditions, and in response to extracel-
lular calcium, but decreases the number of recycling

synapses in response to potassium-evoked depolar-
ization [104].

As previously noted, LRRK?2 knockout in mice
does not result in dopaminergic neuronal degener-
ation in the SN, but does cause mild behavioral
changes, including altered locomotor activity in the
open field test [92]. Changes in neurotransmission
observed in LRRK?2 knockout or gene silencing exper-
iments in vitro appear to be relatively mild, vary
between neuronal subtypes, and do not result in
complete loss of neurotransmission or changes in
synaptic number [104]. These observations indicate
that LRRK?2 expression is not required for SVE or
neurotransmission and support a model in which
LRRK?2 fine tunes this process to maintain optimal
levels of SVE. There may also be redundancy in the
SVE pathway that compensates for the absence of
LRRK2 in acute knockdown studies and in LRRK?2
knockout animals.

LRRK2 AND LYSOSOMES

Expression of familial PD LRRK?2 mutations alters
lysosome morphology, distribution, pH and degrada-
tive capacity in many distinct cell types including
fibroblasts, striatal neurons, primary neurons, and
primary astrocytes [79, 96, 105, 106]. Fibroblasts
derived from G2019S LRRK2 PD subjects have
enlarged lysosomes and altered distribution of lyso-
somes, where they are tightly clustered in perinuclear
regions [105]. Aged R1441G LRRK?2 knockin mice
also have perinuclear clustering of LAMP1-positive
lysosomes, and enlarged LAMP2a puncta in stri-
atal neurons [106]. Additionally, mouse embryonic
fibroblasts (MEFs) from these R1441G LRRK2 mice
have impaired lysosomal degradative capacity [106].
Overexpression of G2019S LRRK?2 in primary astro-
cytes leads to enlarged lysosomes with perinuclear
clustering, as well as decreased LAMP1 and LAMP2
protein levels, increased lysosomal pH and impaired
lysosomal degradation capacity [96]. Interestingly, a
similar decrease in LAMP1 protein has been observed
in the prefrontal cortex of G2019S LRRK2 PD sub-
jects [96].

The effects of G2019S LRRK?2 expression in pri-
mary neurons appear to vary depending on timing and
LRRK?2 protein levels. Similar to primary astrocytes,
transient transfection of G2019S LRRK2 in primary
cortical neurons causes lysosomal swelling [79].
In these neurons, G2019S LRRK2 overexpression
also leads to a reduction of mannose-6-phosphate
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receptor (M6PR) at lysosomes and at the Golgi,
which could indicate a defect in M6PR endosomal
sorting [79]. Conversely, primary cortical neurons
from G2019S LRRK?2 knockin mice experience an
opposing shift in lysosome morphology, generating
both smaller lysosomes and an increase in total lyso-
some number without perinuclear clustering [107].
Like G2019S LRRK?2-expressing primary astrocytes,
G2019S LRRK2 knockin neurons have decreased
LAMPI1 protein levels and increased lysosomal pH
[96, 107]. G2019S LRRK2 knockin mice likely
express lower levels of pathogenic LRRK?2 compared
to transiently transfected neurons. Additionally,
germline expression of G2019S LRRK?2 could poten-
tially result in developmental compensation within
the endolysosomal pathway that modulates the toxic-
ity of this pathogenic LRRK?2 variant. These putative
compensatory pathways are unlikely to be engaged
in experiments where G2019S LRRK2 is transiently
expressed for short periods and could contribute to
the differences observed in lysosomal morphology.
Several recent studies have shown that LRRK?2 is
recruited to vesicular compartments in the endolyso-
somal pathway, often in response to stress [80, 108,
109]. LRRK2 subsequently phosphorylates and sta-
bilizes Rab proteins at these compartments, which
then recruit downstream effector proteins [80, 108,
109]. Eguchi et al. found that Rab29 recruits LRRK?2
to enlarged lysosomes in response to chloroquine
treatment, and that LRRK2 recruitment counter-
acts chloroquine-induced lysosomal overloading in
RAW?264.7 mouse macrophages and in HEK-293
cells [80]. LRRK2 recruitment initiates the recruit-
ment of four additional Rab proteins, two of which,
Rab8a and Rabl0, are well-characterized LRRK?2
kinase substrates [64, 66, 80]. Phosphorylation of
Rab8a and Rab10 by LRRK?2 subsequently stabilizes
these proteins on lysosomal membranes allowing
them to recruit EHBP1 and EHBP1L1, which pro-
mote lysosomal secretion and counteract lysosomal
overloading [80]. Interestingly, LRRK?2 kinase inhi-
bition or LRRK2 knockdown exacerbates lysosomal
enlargement in chloroquine-treated cells, and over-
expression of PD-linked LRRK2 mutants protects
cells from chloroquine-induced lysosomal enlarge-
ment [80]. Upregulation of this pathway may have
beneficial effects in tissues that express high lev-
els of LRRK2, such as lung and kidney, but could
have adverse effects in cells that express low levels
of LRRK2. For example, upregulating LRRK2-
mediated lysosomal secretion in neurons could
increase extracellular levels of proteins that would

otherwise be degraded by the lysosomal pathway,
such as a-synuclein. If this is the case, then LRRK2-
mediated increases in extracellular a-synuclein could
contribute to propagation of pathological a-synuclein
in PD.

LRRK?2 is also recruited to late endosomes and
lysosomes in RAW264.7 mouse macrophages in
response to endolysosomal membrane damage via
pathogen infection or L-leucyl-L-leucine methyl
ester (LLOME) treatment [108]. At damaged
endolysosomal membranes LRRK2 phosphorylates
Rab8a and stabilizes it on these membranes [108].
Phosphorylated Rab8a then recruits the membrane
damage marker Galectin-3 and the ESCRT-III path-
way component CHMP4B [108]. LRRK2 KO or
Rab8a KO enhances lysosomal membrane damage
and increases lysophagy in response to LLOME treat-
ment, indicating that this LRRK2-Rab8a pathway
stabilizes endolysosomal membrane integrity and
promotes endolysosomal membrane repair through
the ESCRT pathway [108]. LRRK?2 is also recruited
to late phagosomes in activated human iPSC-derived
macrophages [109]. Like LRRK2 recruitment to
endolysosomal membranes, LRRK?2 recruitment to
late phagosomes promotes the recruitment, phospho-
rylation and stabilization of Rab8a and Rab10 [109].
LRRK?2 does not appear to affect initiation or rate
of phagocytosis in these cells, and the downstream
effects of LRRK2-Rab recruitment to late phago-
somes is currently unknown [109]. Likewise, whether
Rab29 is required for LRRK?2 recruitment to dam-
aged endolysosomal membranes or late phagosomes
has not yet been assessed.

Expression of PD-linked LRRK?2 variants also
appears to impair lysosomal function by negatively
regulating lysosomal glucocerebrosidase (GCase)
activity [110, 111]. iPSC-derived dopaminergic neu-
rons from PD subjects harboring R1441C or R1441G
LRRK? mutations have increased accumulation of
oxidized dopamine, decreased lysosomal GCase
activity, and increased a-synuclein protein lev-
els [110, 111]. Similarly, knockdown of Rabl0,
a well-characterized substrate of LRRK2 kinase
activity, also reduces lysosomal GCase activity in
human fibroblasts and iPSC-derived dopaminergic
neurons [64, 111]. Surprisingly, overexpression of
wild-type Rabl10 is sufficient to restore lysosomal
GCase activity in iPSC-derived dopaminergic neu-
rons carrying familial LRRK?2 mutations (G2019S or
R1441C) or GBA mutations (N370S or E326K) [111].
Recent findings also indicate that pharmacologi-
cal LRRK?2 kinase inhibition can restore lysosomal
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GCase activity, and reduce oxidized dopamine and
phosphorylated a-synuclein levels, in iPSC-derived
dopaminergic neurons harboring GBA mutations
(N370S or E326K) [111]. LRRK2 kinase inhi-
bition also restores lysosomal defects, including
altered lysosomal morphology and pH and cathep-
sin B/L activity, in primary astrocytes derived
from D409V GBA knockin mice [112] and human
iPSC-derived neurons heterozygous for GBA [113].
LRRK2 appears to negatively regulate lysosomal
GCase activity, in a kinase-dependent manner, at
least in part through phosphorylation and possible
inactivation of Rab10. While LRRK?2 and Rabl0
can clearly impact lysosomal function, the precise
mechanistic details remain to be elucidated. These
findings illuminate a novel functional relationship
between LRRK2 and lysosomes and suggest that
directly inhibiting LRRK?2 kinase activity could be an
effective approach to correct lysosomal abnormalities
in PD subjects.

LRRK2 AND SYNAPTIC VESICLE
ENDOCYTOSIS

G2019S LRRK?2 overexpression impairs SVE in
primary midbrain neurons, primary hippocampal
neurons and in Drosophila motor neurons [100-102].
iPSC-derived dopaminergic neurons from PD sub-
jects harboring R1441G LRRK2 mutations also have
impaired SVE, reduced expression of SVE proteins,
a reduction of small synaptic vesicles and accumu-
lation of enlarged vesicles at presynaptic terminals
[110]. LRRK?2 interacts physically or functionally
with many proteins that are critical facilitators of
SVE, including Auxilin (DNAJC6), Dynamin 1, 2,
and 3, Synaptojanin-1 (SYNJI) and EndoA [19, 100,
114-117].

Auxilin regulates a key step in SVE by recruiting
Hsc70 to clathrin-coated synaptic vesicles to initi-
ate their uncoating, which is followed by vesicle
repackaging and recycling [114]. LRRK2 is sug-
gested to phosphorylate auxilin at Ser627 within its
clathrin-binding domain [110]. Nguyen and Krainc
show that phosphorylation status at S627 regu-
lates auxilin-clathrin binding and propose that 1)
LRRK?2-mediated phosphorylation of auxilin at this
residue inhibits its binding to clathrin and 2) inhibit-
ing auxilin-clathrin interaction impairs recycling of
synaptic vesicles, causing a reduction in synap-
tic vesicle number and an increase in cytosolic
dopamine levels [110]. This hypothesis is supported

by the observation that overexpression of wild-type
auxilin partially protects RI441G LRRK2 iPSC-
derived dopaminergic from the pathogenic effects
of mutant LRRK?2 (reduces oxidized dopamine,
restores lysosomal GCase activity and reduces o-
synuclein protein levels) [110]. However, whether
overexpression of WT auxilin also restores SVE in
dopaminergic neurons harboring pathogenic LRRK2
mutations or protects against LRRK2-mediated alter-
ations in synaptic vesicle morphology has not yet
been assessed.

Dynamins are small GTPases that participate in
clathrin-mediated endocytosis and intracellular vesi-
cle budding by promoting membrane scission [118,
119]. Mammals have 3 Dynamin genes (Dynamin
1, 2 and 3), all of which are expressed in the
brain [118, 119]. Dynamin 1 is highly enriched
in neurons; Dynamin 2 is ubiquitously expressed,
and Dynamin 3 is expressed in the brain but at
lower levels than Dynamin 1 [118, 119]. All 3
Dynamins participate in SVE, with Dynamin 1 play-
ing the most prominent role in this process [118].
LRRK2 complexes with Dynamin 1, 2 and 3 in
HEK-293 cells, and with Dynamin 1 in the mouse
brain [115]. LRRK?2 and Dynamin 1 also colocalize
on early endosomes in SH-SY5Y cells [115]. Inter-
estingly, G2019S LRRK2 overexpression in these
cells enhances LRRK2-Dynamin 1 colocalization
and reduces levels of Dynamin 1 at early endosomes
[115]. Additionally, in vitro kinase assays show that
Dynamin 1 is a modest LRRK?2 kinase substrate
[115]. These LRRK2-Dynamin interactions may con-
tribute to LRRK2-mediated disruptions in SVE or
intracellular trafficking defects. Further experiments
examining whether LRRK2-Dynamin complexes or
Dynamin 1 phosphorylation by LRRK?2 contributes
to SVE abnormalities caused by pathogenic LRRK2
variants will help further elucidate this pathway.

Synaptojanin-1 (SYNJI) is an EndoA-interacting
lipid phosphatase that plays a critical role in clathrin
uncoating of vesicles during SVE [120]. An unbiased
phospho-proteome screen in brains of a Drosophila
PD model expressing human R1441C LRRK2 iden-
tified increased phosphorylation of synaptojanin-1
at two distinct sites (pThr1131 and pSerl142)
[116]. This finding could also be extended to
human synaptojanin-1 with direct phosphorylation
of Thr1173 by LRRK?2 in vitro identified by mass
spectrometry [116]. As noted earlier, EndoA is also a
putative kinase substrate of LRRK?2 and decreases in
EndoA phosphorylation appear to contribute to dis-
ruptions in SVE in LRRK2 KO Drosophila [100].
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Together, these findings identify multiple LRRK?2-
interacting partners and LRRK?2 kinase substrates
that directly regulate SVE and suggest that LRRK?2-
mediated disruption in SVE can lead to downstream
events that participate in PD pathogenesis. This idea
is further supported by the identification of SYNJI
and DNAJC6 (auxilin) mutations as causes of early-
onset, recessive familial PD [121-124]. Accordingly,
targeting SVE pathway deficits could potentially
ameliorate at least some of the pathogenic actions
of LRRK?2 (or SYNJI or DNAJC6) mutations in PD
subjects, and this approach should be further explored
in cellular and rodent models as a strategy to inhibit
mutant LRRK2-induced neuronal damage.

LRRK2 AND THE GOLGI NETWORK

LRRK2 has a robust effect on Golgi integrity
and vesicle sorting via the Golgi. Overexpression
of familial LRRK2 mutants induces Golgi fragmen-
tation in cell lines, primary neurons, and striatal
neurons [78, 82, 125, 126]. Surprisingly, LRRK2
depletion has a similar effect, leading to Golgi frag-
mentation and defective Golgi sorting of lysosomal
hydrolases [127].

When transiently overexpressed in cultured cells,
Rab29 recruits LRRK2 to the TGN, where it
activates LRRK?2, enhancing LRRK?2 autophospho-
rylation and substrate phosphorylation [79, 8§1-84].
Rab29-mediated recruitment of LRRK2 to the
TGN promotes LRRK2-mediated phosphorylation
of Rab29 and recruitment and phosphorylation of 2
additional LRRK?2 substrates, Rab10 and Rab8a to
the TGN [79, 81-83]. This process requires Rab29
prenylation and membrane association but does not
rely on other proteins that are specifically enriched
on TGN membranes, as artificially targeting Rab29
to mitochondrial membranes initiates this cascade at
the mitochondria [84]. Guanine nucleotide-binding
of Rab29 and LRRK?2 is required for this process,
but Rab29 recruitment of LRRK?2 does not require
LRRK2 kinase activity [82, 83]. This pathway is
likely important for maintaining Golgi integrity, as
Rab29 depletion or expression of Rab29 dominant-
negative or phospho-mimetic mutants also causes
Golgi fragmentation [78, 128]. In addition to com-
plexing with Rab29, LRRK2 also binds BAGS and
GAK proteins in cultured cells and mouse brain
[126]. Overexpression of any of these individual
proteins causes Golgi fragmentation which can be
blocked by concurrent knockdown of any of the other

proteins individually [126]. These results implicate
all four complex components in Rab29/LRRK2-
mediated Golgi maintenance [126].

The Rab29-LRRK?2 pathway is also important
for retrograde trafficking as knockout or dominant-
negative Rab29 expression disrupts retrograde traf-
ficking of M6PR, Sortilin and Furin from endosomes
and lysosomes to the TGN [79, 128]. Beilina et al.
has recently reported a novel interaction between
LRRK2, Rab29 and the Golgi-associated retro-
grade protein (GARP) complex [94]. Specifically,
LRRK?2 and Rab29 interact with the GARP com-
plex component VPS52 at the TGN. Overexpression
of Rab29 recruits VPS52 to the TGN, and this
effect is enhanced by co-expression of LRRK2
[94]. Conversely, knockdown of VPS52, or other
GARP complex components (VPS53 or VPS51),
inhibits Rab29-mediated recruitment of LRRK2 to
the TGN, indicating a cooperative stabilization of
the Rab29:LRRK2:GARP complex that requires each
component [94]. LRRK2 and VPS52 both complex
with VAMP4 and syntaxin-6, SNARE proteins that
localize to the TGN, suggesting that LRRK2 may
stabilize GARP complex interactions with SNARE
proteins at the TGN to promote membrane fusion and
vesicle trafficking [94]. This hypothesis is supported
by the observation that LRRK?2 or Rab29 knockdown
destabilizes the VPS52-syntaxin-6 interaction [94].
Knockdown of Rab29, LRRK?2 or VPS52 decreases
retrograde trafficking of M6PR or Cholera toxin B
from endosomes to the TGN and impairs antero-
grade trafficking of GPI proteins from the TGN to the
plasma membrane [94]. Conversely, primary astro-
cytes from R1441C LRRK2 knockin mice exhibit a
kinase-dependent increase in retrograde and antero-
grade vesicular trafficking [94].

This study provides valuable mechanistic insight
into the role of LRRK2 in vesicle trafficking to
and from the TGN. Because the GARP complex
has not been shown to directly regulate anterograde
trafficking, the precise mechanisms through which
LRRK?2 modulates this pathway are currently unclear.
The effects of LRRK2 on anterograde trafficking
from the TGN may be an indirect result of mod-
ulating retrograde trafficking through the GARP
complex, or could be caused by direct interactions
between LRRK?2 and the anterograde trafficking
pathway. Further examination of anterograde traf-
ficking components and LRRK?2 will be required
to distinguish between these two possibilities. How
chronic LRRK2-mediated enhancement of retro-
grade trafficking affects the endolysosomal system
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in vivo, and how this contributes to PD neuropathol-
ogy will be an interesting area of investigation.
Specifically, whether modulating the LRRK2-GARP
complex interaction can ameliorate LRRK?2-induced
neurotoxicity will be important. Surprisingly, Beilina
et al. found that neuronal silencing of the GARP
complex-specific component VPS54 (but not VPS50)
enhanced age-dependent dopaminergic neuronal
damage induced by G2019S LRRK?2 in a C. elegans
model, suggesting that the GARP complex operates
downstream of LRRK?2 and is normally required to
maintain neuronal health in vivo [94].

ArfGAPI1 is a GAP for Arfl, a cis-Golgi protein
that functions in the secretory pathway and regu-
lates Golgi organization and lipid homeostasis in this
organelle [129, 130]. ArfGAP1 was initially identi-
fied as a LRRK2 modifier in yeast where deletion
of the ArfGAP1 ortholog, GCS1, suppressed growth
deficits and endolysosomal abnormalities induced
by human LRRK2 [131]. Subsequent experiments
have shown that LRRK?2 complexes with ArfGAP1
in mammalian cells and mouse brain, and colocal-
izes with ArfGAP1 in compact perinuclear structures
that resemble the Golgi in primary cortical neurons
[125, 132]. Additionally, both ArfGAP1 and LRRK?2
are present in Golgi subcellular fractions, indicating
that these proteins likely complex together at this
organelle [125, 132]. In vitro, ArfGAP1 acts as a
LRRK2 GAP, enhances LRRK?2 kinase activity and
is a robust LRRK2 kinase substrate [125, 132].

Consistent with the observation that GCS/ dele-
tion suppresses LRRK2-induced toxicity in yeast,
gene silencing of ArfGAP1 in primary cortical neu-
rons suppresses G2019S LRRK2-mediated neurite
outgrowth deficits [125]. Interestingly, wild-type
ArfGAPI1 overexpression also causes neurite out-
growth deficits in primary cortical neurons, which
is suppressed by silencing LRRK?2 [125]. These
findings indicate a cooperative relationship where
enhanced LRRK2 or ArfGAP1 expression leads
to neurite outgrowth deficits and both proteins
are required for this pathological effect [125].
Additionally, overexpression of either ArfGAPI1 or
familial LRRK2 mutants causes Golgi complex
fragmentation in primary cortical neurons [125].
Whether mutant LRRK2-mediated Golgi fragmen-
tation is modulated by ArfGAP1 expression, or
vice versa, has not yet been assessed. However,
given the direct interaction between ArfGAP1 and
LRRK2, and the functional interactions observed in
yeast and primary neurite outgrowth experiments,
it is likely that ArfGAP1-LRRK?2 interactions are

important for maintaining Golgi complex integrity
and function.

LRRK2-mediated effects on Golgi integrity may
also involve the N-ethylmaleimide-sensitive fusion
(NSF) protein. NSF primarily functions as a
SNARE complex chaperone, facilitating vesicle
fusion between intracellular membranes and SNARE
complex disassembly for recycling [133]. It was orig-
inally identified as an essential factor for vesicle
trafficking in the Golgi [134]. NSF has also been
shown to facilitate vesicle trafficking from the endo-
plasmic reticulum to the Golgi, and Golgi reassembly
following mitosis [135, 136]. LRRK2 complexes
with NSF in mammalian cells and phosphorylates
NSF in vitro [127, 137]. Interestingly, NSF knock-
down phenocopies the effects of LRRK2 knockdown,
in mammalian cells, with Golgi fragmentation and
the formation of enlarged late endosomal structures
[127]. LRRK2 or NSF knockdown also disrupts
plasma membrane receptor recycling pathways and
trafficking of lysosomal hydrolases from the TGN
to lysosomes, resulting in impaired lysosomal
degradation capacity [127]. Whether LRRK2-NSF
interaction or LRRK?2-mediated phosphorylation of
NSF is required for Golgi maintenance and function
has not yet been assessed. Similarly, whether NSF
expression or phosphorylation of NSF by LRRK2
contributes to Golgi fragmentation in response to
overexpression of familial LRRK2 mutants has not
been tested.

In addition to maintaining Golgi integrity, LRRK?2
has also been implicated in the maintenance of
Endoplasmic Reticulum Exit Sites (ERESs) through
interaction with the ERES protein Secl6a [138].
Secl6a recruits and stabilizes protein complexes
to ERESs that facilitate the formation of COPII-
coated vesicles [139]. Knockdown or overexpression
of Secl6a results in secretory pathway disrup-
tion and disorganization of ERESs [139]. LRRK2
complexes with Secl6a in mammalian cells and
in the mouse brain, and colocalizes with Secl6a
at ERESs in primary hippocampal neurons [138].
LRRK2 knockout in primary hippocampal neu-
rons or in MEFs leads to dispersed Secl6a and
impaired ER to Golgi transport [138]. Interest-
ingly, the familial R1441C LRRK?2 mutation has
impaired interaction with Sec16a compared to wild-
type LRRK?2. Additionally, R1441C LRRK2 knockin
MEFs also have impaired ER to Golgi transport and
show Sec16a dispersion [138]. These findings impli-
cate LRRK?2 in organization and maintenance of
ERESs and highlight an additional role for LRRK?2
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in regulation of transport through the secretory
pathway.

LRRK?2 interacts with multiple proteins resident
at the Golgi and endoplasmic reticulum to regulate
Golgi integrity, and Golgi network anterograde or
retrograde trafficking. Additionally, modulating the
expression of individual LRRK2-interacting proteins
in these pathways can prevent LRRK2-induced Golgi
fragmentation (Rab29, BAGS5, GAK) or LRRK2-
induced toxicity (ArfGAP1) [125, 126]. Most studies
examining the effects of LRRK?2 on the Golgi net-
work have been performed in cell culture models
with overexpression or depletion of LRRK?2. Examin-
ing Golgi integrity and vesicle trafficking in knockin
rodent models where familial LRRK2 mutants are
expressed at endogenous levels will be important for
evaluating 1) whether the Golgi network is disrupted
by familial LRRK?2 mutations in vivo and 2) whether
Golgi disruption contributes to LRRK2-PD and spo-
radic PD.

LRRK2 AND THE RETROMER

The retromer complex regulates retrograde traf-
ficking and retrieval of transmembrane protein cargo
from early endosomes to the TGN or cell surface
membrane for recycling [140-142]. The retromer
complex has two components, the cargo-selective
complex (CSC) and a sorting nexin (SNX) dimer.
VPS35 is the largest component of the CSC and is
essential for retromer-mediated cargo sorting, par-
ticularly for cargo recognition, which is critical for
cellular function. Recently, VPS35 has been identi-
fied as a familial PD gene, with a missense mutation
(D620N) causing late-onset, autosomal dominant
familial PD [143, 144]. The precise effects of the
D620N mutation on VPS35 function, and the molec-
ular mechanisms that underlie the pathogenicity of
this mutation, are currently unclear [145]. The domi-
nant inheritance pattern of PD associated with D620N
VPS35 suggests that this mutation most likely mani-
fests disease via 1) a partial dominant-negative effect
on VPS35 function or 2) a toxic or normal gain-of-
function effect.

Recent studies of D620N VPS35 in rodent mod-
els and PD subjects indicate that this mutation
does not manifest an obvious loss-of-function effect,
but potentially induces PD pathology by activating
LRRK?2 [146-148]. Notably, although homozygous
VPS35 knockout mice die early in embryonic devel-
opment, homozygous D620N VPS35 knockin mice

are viable with a normal lifespan, indicating that
this mutation does not result in a full loss-of-
function [146]. MEF cultures carrying the D620N
VPS35 mutation exhibit markedly increased LRRK2-
mediated phosphorylation of Rabl0 and increased
LRRK?2 autophosphorylation at Ser1292, both of
which are decreased by treatment with the selec-
tive LRRK2 kinase inhibitor MLi-2 [147]. Increased
Rab10 phosphorylation also occurs in peripheral
organs and brain of D620N VPS35 knockin mice,
and in neutrophils and monocytes from PD sub-
jects carrying a heterozygous D620N mutation [147,
148]. Importantly, LRRK?2 hyperactivation initially
appears to be equivalently induced by heterozy-
gous or homozygous D620N mutations in these
mice supporting a threshold effect and most likely
a gain-of-function mechanism [147]. Intriguingly,
the D620N VPS35 mutation enhances phosphory-
lation of LRRK2 kinase substrates (by ~6-fold) to
a greater extent than familial LRRK?2 mutations in
knockin mice (2—4-fold), and endogenous VPS35
is required for the increased LRRK2 kinase activ-
ity in cells derived from mutant LRRK2 knockin
mice [147]. These compelling data potentially sup-
port the concept of VPS35 as a master regulator of
LRRK2 activity presumably at endosomes, similar to
the effects of Rab29 at the TGN, although the under-
lying activation mechanism and subcellular location
remain obscure.

LRRK?2 may also regulate retrograde trafficking
through interactions with Rab32 or Rab38. Rab32 and
Rab38 both complex with LRRK2 and with sorting
nexin 6 (SNX6), a SNX dimer subunit of the retromer
[149, 150]. Expression of constitutively-active or
inactive Rab32 impairs retrograde trafficking of
the retromer cargo M6PR [149]. Whether LRRK2
modulates Rab32-mediated disruption of retrograde
trafficking has not yet been tested, and it is cur-
rently not known whether Rab32 and Rab38 exist
together in a complex with LRRK2 and SNX6, or
independently. This putative pathway for LRRK2-
retromer interaction via Rab proteins is of interest
but has not yet been fully characterized. Further
evaluation of LRRK?2 and retromer subunit interac-
tions will be beneficial in determining how these
proteins functionally intersect and modulate each
other. Evaluating whether D620N VPS35-dependent
neurodegeneration can be ameliorated by LRRK2
knockout or kinase inhibition in rodent models
will be important for validating the significance of
their functional interaction in the context of PD-like
pathology.
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LRRK2 AND AUTOPHAGY

Autophagy is a critical process for maintaining
protein homeostasis and preventing protein aggrega-
tion. Perturbations in autophagy have been observed
in brain tissue from PD subjects and in animal mod-
els of PD. The relationship between LRRK2 and
autophagy has been an area of growing interest and
has been studied in many model systems. As this topic
has recently been comprehensively reviewed [151],
we will provide a limited discussion of LRRK?2 and
autophagy.

Expression of familial LRRK?2 mutants in rodents,
or in LRRK2-PD brains, leads to alterations
in macroautophagy, chaperone-mediated autophagy
(CMA) and mitophagy in the brain [107, 152-157].
G2019S LRRK2 inhibits CMA in isolated lyso-
somes, HEK-293 cells and in cultured primary
midbrain neurons [158]. Additionally, brain tissue
from G2019S-PD subjects displays increased levels
of the CMA protein LAMP2a, confirming alterations
in this pathway [158]. R1441G LRRK2 knockin mice
also show signs of impaired CMA with accumulation
of amyloid-like a-synuclein oligomers and increased
membrane-bound LAMP2a and HSPAS in striatal
tissue [106].

Familial LRRK?2 mutations can alter mitophagy
and macroautophagy in diverse model systems, how-
ever, the impact of LRRK2 on these pathways
varies in both magnitude and direction. These vari-
ations in effect size likely result from differences
in experimental systems including cell type, cel-
lular context, and timing and dosage of LRRK2
expression. For example, human fibroblasts derived
from PD subjects harboring G2019S or R1441C
LRRK2 mutations exhibit decreased mitophagy that
results from enhanced phosphorylation of Rabl0
[157]. Rabl10 phosphorylation impairs the Rabl10-
optineurin interaction and prevents Rabl0 from
recruiting optineurin to depolarized mitochondria
to initiate mitophagy [157]. Alternatively, transient
overexpression of G2019S or R1441C LRRK2 in
primary cortical neurons enhances calcium uptake
by mitochondria, leading to mitochondrial membrane
depolarization and increased mitophagy specifically
in dendrites, where transient calcium influxes are
highest [152, 156].

LRRK?2 knockout mice exhibit altered expres-
sion of autophagy markers and formation of large
autophagic vacuoles in kidneys, but lack autophagic
pathology in the brain [88, 90, 92, 93]. This is likely
due to LRRK2 being highly expressed in kidneys

relative to the brain, and LRRK2 knockout in the
brain may potentially be compensated for by LRRK1
expression. Interestingly, LRRK1/2 double knock-
out in mice causes age-dependent impairment of the
autophagy pathway in the brain that results in the
formation of p62-positive puncta and the accumula-
tion of autophagic vacuoles in the substantia nigra
[95]. Familial LRRK2 mutations appear to have sub-
tle effects on macroautophagy in vivo with modest
variations between model systems. An early study
detected the abnormal accumulation of autophagic
vacuoles, often containing damaged or condensed
mitochondria, by transmission electron microscopy
in the striatum and cortex of aged human G2019S
or R1441C LRRK?2 transgenic mice [159]. Aged
R1441G LRRK2 knockin mice have no apparent
alterations in autophagy markers or protein aggre-
gation in the midbrain [160]. Likewise, mice that
overexpress human R1441C LRRK?2 selectively in
dopaminergic neurons do not develop protein aggre-
gation or changes in autophagy markers in the nigra
with age [161]. G2019S LRRK?2 knockin mice have
slightly elevated levels of the autophagy marker,
LC3-11, in hemi-brain extracts and decreased LC3-1
protein levels in the cortex, but no change in p62 lev-
els in hemi-brain or cortical extracts [107, 162]. Aged
transgenic rats overexpressing human R1441C or
G2019S LRRK2 have increased LC3-positive puncta
in midbrain dopaminergic neurons compared to
transgenic rats expressing wild-type LRRK2 or non-
transgenic controls, suggesting that mutant LRRK2
induces autophagy or impairs autophagic flux [97].
Corresponding evidence for altered autophagy in
G2019S LRRK2-PD brains is also modest, with
milder effects than in sporadic PD overall, yet with a
clear increase in p62-positive inclusions and staining
relative to control subjects [154]. Therefore, evi-
dence for altered autophagy in brain tissue of mutant
LRRK?2 models and PD subjects is rather modest and
depends to a large degree on gene dosage, cell type
or brain region in each rodent model or PD subject.

CONCLUSIONS

The effects of LRRK2 knockout or PD-linked
familial LRRK2 mutations are pervasive through-
out the endolysosomal system and occur in multiple
intersecting pathways, including endocytosis, lyso-
somal function, Golgi sorting, retrograde endosomal
trafficking, and autophagy. These findings sug-
gest that LRRK2 functions at many points in the
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endolysosomal system, with increases or decreases
in LRRK2 expression levels and/or kinase activity
negatively impacting this system. Specific tissues
and cell types appear to have distinct requirements
for LRRK2 kinase activity. For example, the organs
most affected by LRRK2 KO are the lungs and kid-
neys where LRRK2 expression levels are highest
[88-92]. However, similar endolysosomal abnormal-
ities have not been reported in the brain of LRRK2
KO rodents, and aged LRRK2 KO rodents do not
exhibit dopaminergic neurodegeneration [88, 90-92].
Together, this suggests that the brain may be more
sensitive to increases in LRRK2 kinase activity due
to PD-linked mutations while peripheral organs with
comparatively higher levels of LRRK2 expression
are more sensitive to the loss of LRRK2 expression.
In addition, it is plausible that unique compensatory
mechanisms exist in the mammalian brain that mask
the detrimental effects of LRRK?2 loss-of-function in
KO rodent models.

Lysosomes appear to be particularly sensitive to
changes in LRRK?2 expression and kinase activity.
Impaired lysosomal degradation capacity and im-
paired autophagy are emerging as recurring themes
in distinct PD models. Identifying the mechanisms
through which LRRK2 activity modulates lyso-
some homeostasis and protein degradation will be
important for understanding how LRRK?2 mutations
contribute to PD. Lysosomes are promising therapeu-
tic targets for treating PD, and recent findings support
the idea of utilizing LRRK2 kinase inhibitors to atten-
uate endolysosomal perturbations in subjects with
sporadic PD or GBA-linked PD [67, 68, 111, 112].
Evaluating the neuroprotective effects of LRRK2
kinase inhibition in additional genetic models of
PD will provide an indication of how effective this
approach might be for treating a broader population of
familial or sporadic PD subjects. The recent discovery
that D620N VPS35 induces LRRK?2 hyperactivation
might suggest that kinase inhibition could also be an
effective strategy for treating VPS35-linked PD [147].
This raises the broader question of whether LRRK2
activation represents a common outcome of different
genetic forms of PD, with compelling evidence for
the PD risk factor, Rab29, and VPS35 as master reg-
ulators of LRRK2 activity within distinct vesicular
compartments [81, 82, 126, 147]. Likewise, LRRK2
kinase activity may be functionally linked to GBA
deficiency [111-113], whereas non-mutated LRRK2
might be activated in sporadic PD brains or by envi-
ronmental neurotoxins [67, 68]. Many gene products
linked to PD can be categorized as either activators of

LRRK?2 or targets of LRRK2 activity either directly
or potentially indirectly via phosphorylation of a sub-
set of Rabs that decorate the endolysosomal system
and mediate membrane-targeting events [163, 164].
A detailed mechanistic understanding of how other
PD-linked gene products functionally cooperate with
LRRK?2 in the endolysosomal pathway in addition to
elucidating the discrete effects mediated by LRRK2
and/or Rab phosphorylation within this pathway will
form pivotal next steps in further uncovering the
pathophysiological mechanisms underlying PD.
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