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Parkinsons disease (PD) and related Lewy body diseases are characterized by deposition of a-synuclein aggregates in both the
central nervous system and peripheral nervous system. Synucleinopathy lesions spread to larger brain areas as the disease progresses,
and prion-like cell-to-cell transmission of aggregated a-synuclein is thought to be the underlying mechanism for this pathological
spreading. LRRK2 is another protein linked to the pathogenesis of PD, and its presence in Lewy bodies has attracted much attention
as to whether LRRK2 and a-synuclein interplay during the pathogenesis of PD. However, the relationship between these two crucial
proteins still remains unclear. In this review article, we will discuss the current state of knowledge in terms of how these proteins
cause the disease and provide the hypothetical mechanisms by which LRRK2 might modity the generation and progression of
synucleinopathy.
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INTRODUCTION

Parkinsons disease (PD) is one of the most common neurode-
generative diseases, with clinical symptoms of resting tremor,
increased muscle tone, bradykinesia, and abnormal postural
righting reflexes [1]. Pathologically, PD is characterized by loss
of dopaminergic neurons in the Substantia nigra pars compacta,
deposition of a-synuclein visualized in the forms of Lewy bodies
and Lewy neurites, and neuroinflammation demonstrated

by the activation of microglia [2]. Lewy body inclusions are

Received December 1, 2013, Revised December 13,2013,
Accepted December 13,2013

*'To whom correspondence should be addressed.

TEL: 82-2-450-4166, FAX: 82-2-447-5683

e-mail: sjlee@konkuk.ackr

“These authors contributed equally to this work (alphabetical order).

Copyright © Experimental Neurobiology 2013.

www.enjournal.org

primarily composed of misfolded/aggregated a-synuclein [3], and
these pathological protein aggregates spread to different brain
regions in a highly sequential way as the disease progresses [4].
Therefore, identifying factors that contribute to the formation and
spreading of a-synuclein aggregates may be critical to the overall
understanding of pathogenesis of PD.

a-Synuclein (SNCA) and LRRK2 genes harbor autosomal domi-
nant mutations that cause familial PD with clinical characteristics
similar to sporadic PD [5, 6]. Although some have argued that
each factor operates independently [7], there might be interactions
between the two genes in pathogenesis of PD. Here, we review
the recent literature suggesting cooperation between a-synuclein
and LRRK2 and propose potential mechanisms underlying this
interaction.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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GENETIC AND PATHOLOGICAL LINK OF LRRK2 AND a-SYNU-
CLEIN TO PARKINSON’S DISEASE

In 1996, researchers discovered genetic linkage to chromosome
4 markers in a large group of Greek/Italian descendants [8]. In this
kindred and later in several others, SNCA gene (PARK1) displayed
a missense mutation A53T [8] and other missense mutations
A30P and E46K [9, 10] with largely similar phenotypes but
seemingly worse presentation of dementia for E46K [10], as well as
duplications [11] and triplications with varying penetrance [6, 12].

Several years after the first report of SNCA mutation, Funayama
and colleagues found genetic linkage to chromosome 12 markers
in a Japanese family with autosomal dominant parkinsonism [13].
And in 2004, the mutations were located in LRRK2 (PARKS) in
chromosome 12 as a cause of PD and also detected in a number
of other kindreds [14, 15]. Among the autosomal dominant
mutations in LRRK2, G2019S is the most common mutation
throughout ethnic groups [16], and is found most frequently in
North-African Arabs and Ashkenazi Jews [5, 17].

Autosomal recessive causes of PD have also been linked to
several genes: parkin (PARK2) [18], DJ-1 (PARK®6) [19,20], PINK1
(PARK?) [21],and ATP13A2 (PARKY) [22].

Recently, the genome-wide association studies have identified
both SNCA and LRRK2 as strong genetic risk loci for sporadic
PD, suggesting the roles of these two genes in the pathogenesis of
idiopathic PD [6,23-25].

PD patients with LRRK2 mutations have somewhat variable
pathology. Most of these cases showed the typical Lewy body
pathology, however, others showed a mixture of Lewy bodies and
tau inclusions, and sometimes tau inclusions alone [26]. The fact
that LRRK2 mutations are associated with both a-synuclein and
tau pathologies raises the possibility of LRRK2 acting upstream of
a-synuclein and tau aggregation.

PATHOGENIC MECHANISM OF a-SYNUCLEIN

a-synuclein is the primary component of the Lewy bodies and
Lewy neurites [27], and is normally present in the presynaptic
terminals [28, 29]. At the presynaptic terminal, a-synuclein
promotes the formation of the SNARE complex, regulating
the neurotransmitter release [30]. a-synuclein is also known
to recognize defective bilayer membranes [31] and produce
membrane curvature [32]. These abilities may be related to its
function in vesicle dynamics and trafficking. It is still not clear
whether the normal function of a-synuclein has relevant roles in
PD pathogenesis.

Recombinant a-synuclein protein can generate amyloid fibrils
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that are indistinguishable to the ones found in Lewy bodies [33].
All the known mutations in SNCA linked to familial PD have
common molecular phenotype of accelerated aggregation of
a-synuclein (reviewed in [34]). Overproduction of a-synuclein
in various animal models, including mice, rats, non-human
primates, flies, and nematodes, resulted in aggregation of this
protein followed by cell death [35, 36]. Reduction of a-synuclein
aggregates by using pharmacological agents or overexpression of
aggregation inhibitors, such as a-synuclein, prevented neuronal
death and behavioral deficits caused by a-synuclein [37, 38].
Collectively, these findings strongly suggest that aggregation is
necessary for the mechanism by which a-synuclein exerts its
pathogenic actions.

Several mechanisms and cellular targets of a-synuclein have
been suggested. These include vesicle trafhicking [39], microtubule-
dependent transport [40], Golgi fragmentation [41], synaptic
vesicle cycling [42], autophagy [43], proteasomal activity [44],
and mitochondrial function [45]. It is likely that a-synuclein
aggregates have multiple targets, thereby leading to various types

of impairment in cellular functions.

Spreading of a-synuclein aggregates

Lewy body pathology throughout the nervous system, both the
CNS and PNS, and spreads within the CNS with a very specific
topographical sequence during PD progression. Braak and
colleagues suggested that Lewy body and Lewy neurite pathology
tirst appears in the olfactory bulb and the dorsal motor nucleus
of vagus, followed by the propagation through the mid brain
and then to the mesocortex and the neocortex. This pathological
propagation may explain the symptomatic progression of the
disease. Therefore, although not all patients follow the same
pattern of pathological propagation due to heterogeneity of the
disease, it is important to note that protein aggregate pathology
can spread to larger brain regions as the disease progresses, and
understanding the mechanism of the aggregate propagation
would provide critical insights into how disease progression
occurs. Spreading of a-synuclein aggregates in human patients
has been supported by recent observations that PD patients who
had received transplantation of embryonic mesencephalic tissues
displayed a-synuclein-positive Lewy bodies and Lewy neurites in
grafted neurons [46,47].

Mechanism of aggregate spreading

There is an increasing body of evidence that cell-to-cell trans-
mission of a-synuclein aggregates is the underlying mechanism for
spreading of Lewy pathology [48]. Our previous studies suggested
that a-synuclein aggregates are released from neurons through

http://dx.doi.org/10.5607/en.2013.22.4.249



en

LRRK?2 and Alpha-Synuclein

R1441C )
i
R1441H M1869T G2019s
11122V 12020T
11371V Y1699C|
R793M R1067Q $1228T R1514Q I T23561 G2385R . )
| @e30r | I Elzg 1. DOH{EI\?K sirucllur_es of I,RR)—
protein. ankyrin repeats),
- 'A':lk' “ LRR RO(} COR WDA40 == 2527 | 2 (Leucine-rich repeats), ROC
I I | | I I (Ras of Complex proteins), COR
690 860 984 1278 1335 1510 1511 1878 1879 2138 2142 2498 (C-terminal of ROC), Ex (Exon).

the unconventional exocytosis [49]. Some suggested exosome-
associated secretion [50], and others proposed exophagy of
a-synuclein, a mechanism involves fusion of the autophagosomes
and the plasma membrane [51]. Secretion of a-synuclein appears
to be an ongoing process even in healthy neurons [49], however,
when neurons were under stress conditions, such as oxidative
stress and failure in protein quality control systems, vesicle
translocation and secretion of a-synuclein were increased [49, 50,
52,53].

Secreted a-synuclein aggregates are transferred to neighboring
neurons through endocytosis [48, 54]. Endocytosed aggregates
undergo trafficking through the endocytic pathway and were
delivered to the lysosomes and degraded [55]. Impaired lysosomal
function caused accumulation of internalized exogenous
a-synuclein, thereby promoting cell-to-cell transmission [48].
Therefore, efficient trafficking and clearance of exogenous
a-synuclein aggregates would prevent seeded aggregation of
the endogenous a-synuclein. The mechanism of cell-to-cell
transmission of a-synuclein aggregates and how the transferred
seed of aggregates are cleared have become critical questions in
understanding the mode of disease progression.

PATHOGENIC MECHANISM OF LRRK2

LRRK2 is a large, multi-domain GTPase/kinase protein [56],
characterized by the presence of a ROC domain, a COR domain,
and a MAPKKK domain [57-59]. These domains are known to
control several cellular functions (Fig. 1) such as proliferation,
differentiation, and survival [60]. Importantly, LRRK2 has been
shown to play a significant role in regulating neural functions
[61]. Mammalian LRRK2 has been discovered to control neurite
outgrowth; mutant LRRK2 expression in neurons inhibited neurite
outgrowth while knockdown of LRRK2 promotes it [61]. This
has been further demonstrated in C. elegans model where over-
expressed WT LRRK2, R1441C, and G2019S mutants displayed
neurite impairment and loss of dopaminergic neurons with
more severe loss of DA neurons in R1441C and G2019S mutant
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expressors than the WT expressor [62]. Over-expression of WT
LRRK2, R1441C, and G2019S mutants also led to age-dependent
behavioral deficits. Interestingly, LRRK2 has been observed not
only in brain cells, but also in other peripheral organs such as
kidney, lung, and spleen [63]. And since LRRK2 expression was
notably high in immune cells like macrophagy and monocytes, it
is suggested that LRRK2 might play a role in immune functions
[64].

Role of kinase activity

LRRK2 protein contains a kinase and a GTPase domain and
these two domains are known to harbor most of PD-linked
mutations. Increased kinase activity associated with several
mutations, such as G2019S, 12012T, R1441G/C, and Y1699C, has
been shown to be responsible for increased neurotoxicity [65,66].
G2019S is the most common mutation of LRRK2 and exerts its
pathogenic action by toxic gain-of-function through increased
kinase activity [67].

Recent findings suggested that the major pathology associated
with LRRK2 mutations was Lewy bodies, although some cases
showed mixture of Lewy body and tau pathology, and rarely tau-
only pathology [68,69]. However, the relationship between LRRK2
mutations and a-synuclein aggregation is not clearly understood.
For example, it is not yet clear if LRRK2 directly phosphorylates
SNCA [70]. One report showed that LRRK2 G2019S mutation
may promote a-synuclein phosphorylation at S129 and increase
a-synuclein aggregation [71]. However, other studies failed to
show the relationship between LRRK2 G2019S mutation and
increased levels of a-synuclein phosphorylation [72].

Some studies suggested that GTP binding in LRRK2 promoted
the kinase activity [73, 74], and GTP-binding domain might be
important for cytotoxicity of LRRK2 [75]. However, it is not quite
clear how GTP binding and GTP hydrolysis regulate the kinase
activity of LRRK2 and cause cytotoxicity.

Vesicle trafficking
Vesicle trafficking is among a number of pathways affected by
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LRRK2-dependent neuronal damage. Rab5b, one of the proteins
known to interact with LRRK2 in regulating vesicle transport,
resides in several different vesicle compartments and participates
in membrane trafficking [76, 77]. LRRK2 has been shown to
interact with Rab5b, and defects in synaptic vesicle endocytosis
caused by either overexpression or knockdown of LRRK2
expression were rescued by expression of Rab5b in primary
neurons [78]. Synaptic dysfunction is an early phenomenon
presented in the pathogenesis of PD, and it was also reported that
LRRK2 controls synaptic morphogenesis in Drosophila model
[79]. Reduced LRRK2 expression led to synaptic overgrowth,
while overexpression of WT LRRK2 resulted in synaptic
depletion. Another study showed that LRRK2 had a significant
effect on synaptic vesicle endocytosis by enhancing Endophilin A
phosphorylation at S75 [80]. Perhaps, the most strong evidence for
the involvement of LRRK?2 in vesicle trafficking was provided by
the study of MacLeod et al. [61]. This study showed that LRRK2
interacted with Rab7L1 (PARK16), and Rab7L deficiency resulted
in neurodegeneration similar to the phenotype of LRRK2 mutant
expression, whereas LRRK2-induced neurodegeneration was
rescued by expression of Rab7L1. This study also showed defects
of endolysosomal and Golgi-associated sorting and VPS35 defects
in retromer complex by PD-associated defects in LRRK2 and
Rab7L1. These defects were rescued by expression of WT VPS35.
Therefore, LRRK2 collaborates with Rab7L1 and VPS35 in the
endolysosomal pathway and the trafticking pathway that utilizes
retromer complex, and defects in this system increase PD risk.

EVIDENCE FOR GENE-GENE INTERACTION BETWEEN LRRK2
AND a-SYNUCLEIN

Using tetracycline-inducible transgenic mice, Lin et al. [81]
reported that overexpression of WT LRRK2 in A53T transgenic
mice caused more rapid and robust neuropathological changes,
including neurodegeneration, somatic a-synuclein accumulation,
astrogliosis, and microglial activation, than the A53T single
transgenic mice. The deteriorating effects of LRRK2 were
expression level-dependent, and expression of the PD-linked
G2019S LRRK2 resulted in even more severe neuropathology that
of WT LRRK2 in the A53T mice. In contrast, neuropathological
changes produced by transgenic expression of A53T a-synuclein
were significantly reduced in LRRK2 knockout mice. This study
clearly showed the pathogenic interplay between LRRK2 and
a-synuclein. Since the mice expressing LRRK2 G2019S alone did
not display neuropathological changes, LRRK2 may indirectly
contribute to the disease progression. However, the role of LRRK2
in synucleinopathy has been challenged by other studies. These
252
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studies failed to show changes in a-synuclein and glial pathology,
neurodegeneration, behavioral deficits, and timing of premature
death in LRRK2 G2019S/a-synuclein A53T double transgenic
mice, compared to the A53T single transgenic mice, casting a
doubt in the role of LRRK2 mutations in a-synuclein-driven
pathogenesis [7, 82].

IS LRRK2 A GENETIC MODIFIER OF SYNUCLEINOPATHIES?

Although mouse studies have produced mixed results, human
pathology still suggests the role, albeit indirect, of LRRK2
in synucleinopathy. In this section, we propose a number of
possible mechanisms by which LRRK2 plays roles in modulating
synucleinopathy (Fig.2).

First, LRRK2 mutations may cause defects in protein degradation
system, thereby leading to accumulation of a-synuclein.
Homozygous deletion of LRRK2 gene resulted in reduced
autophagy and age-dependent accumulation of a-synuclein and
ubiquitinated proteins in mice [83]. LRRK2 WT and mutant
proteins may also cause deficits in the degradation of a-synuclein
by interfering with the chaperone-mediated autophagy [84].

Second, mutant LRRK2 expression caused proinflammatory
responses from microglia [85]. Inhibition of LRRK2 kinase activity
and knockdown of its expression resulted in attenuation of toll-
like receptor 4-mediated microglia activation [86]. Considering
that a-synuclein aggregation is sensitive to inflammatory environ-
ment [87], LRRK2 may modity synucleinopathy by altering
inflammatory microenvironment surrounding neurons.

Finally, the most exciting possibility is the potential role of
LRRK2 in cell-to-cell transmission of synucleinopathy. Several
studies reported the role of LRRK2 in vesicle transport and
autophagy (see above), which may be intimately related with the
trafficking pathways of a-synuclein at multiple sites during cell-
to-cell transmission. Secretion of a-synuclein is mediated by
unconventional exocytosis, one possible mechanism is exophagy.
LRRK2 might control a-synuclein secretion by modulating
the autophagy pathway. After the transfer to the recipient cells,
a-synuclein is transported through the endolysosomal pathway,
where LRRK2 may control the rate of degradation of transferred
a-synuclein by modulating the trafficking pathways. By either
promoting or inhibiting the encounter of the exogenous and
endogenous a-synuclein proteins within the endosomal system,
LRRK2 may also regulate seeded aggregation of a-synuclein.
Subsequent secretion of the seeded aggregates may be another site
of control by LRRK2.

The possible roles of LRRK2 in development and progression of
synucleinopathy described here are only speculations. However,
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investigations into these hypothetical mechanisms are likely to
provide answers as to whether these two genes indeed interplay in
generating synucleinopathy and potential targets for therapy for
Lewy body diseases.
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