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Biochemical and molecular features of LRRK2 and
its pathophysiological roles in Parkinson’s disease
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Parkinson’s disease (PD) is the second most common neuro-
degenerative disease, and 5-10% of the PD cases are genet-
ically inherited as familial PD (FPD). LRRK2 (leucine-rich re-
peat kinase 2) was first reported in 2004 as a gene correspond-
ing to PARKS8, an autosomal gene whose dominant mutations
cause familial PD. LRRK2 contains both active kinase and
GTPase domains as well as protein-protein interaction motifs
such as LRR (leucine-rich repeat) and WD40. Most pathogenic
LRRK2 mutations are located in either the GTPase or kinase
domain, implying important roles for the enzymatic activities
in PD pathogenic mechanisms. In comparison to other PD
causative genes such as parkin and PINK1, LRRK2 exhibits two
important features. One is that LRRK2’s mutations (especially
the G2019S mutation) were observed in sporadic as well as
familial PD patients. Another is that, among the various PD-
causing genes, pathological characteristics observed in patients
carrying LRRK2 mutations are the most similar to patients with
sporadic PD. Because of these two observations, LRRK2 has
been intensively investigated for its pathogenic mechanism (s)
and as a target gene for PD therapeutics. In this review, the
general biochemical and molecular features of LRRK2, the re-
cent results of LRRK2 studies and LRRK2’s therapeutic poten-
tial as a PD target gene will be discussed. [BMB reports 2010;
43(4): 233-244]

INTRODUCTION

Parkinson’s disease
Parkinson’s disease (PD; OMIM #168600) was first described
by an English physician, James Parkinson, in 1817. PD is a
progressive, late-onset disease that occurs in approximately 1%
of the population more than 65 years old. It is the second most
common neurodegenerative disease next to Alzheimer’s
disease.

PD’s major symptoms are generally bradykinesia, resting
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tremor, rigidity, gait difficulty and poor balance, which are re-
lated to neuromotor functions, but PD can also sometimes be
accompanied by change in mental status, such as dementia
and depression (1-3).

Two major pathological hallmarks of PD are specific and
progressive degeneration of dopaminergic neurons in the sub-
stantia nigra pars compacta, located in the midbrain, and for-
mation of Lewy bodies in surviving neurons. Death of the dop-
aminergic neurons results in loss of motor functions by gradual
decrease of dopamine, which is an important neurotransmitter
that regulates neuromotor functions. There is currently no cure
for PD. At present, L-DOPA (L-dihydroxyphenylalanine), a pre-
cursor of dopamine that can pass through the blood-brain bar-
rier (BBB) and is converted to dopamine in the brain, is used
as a symptomatic drug for patients with an early stage of PD
(4). However, after significant progress of the disease, when
the number of surviving dopaminergic neurons is too small to
convert L-DOPA to dopamine, L-DOPA loses its effectiveness.
At the present time, a surgical method, deep brain stimulation
(DBS), is used to effectively lessen symptoms of some PD pa-
tients in this stage (5).

The main cause or exact mechanism of PD pathogenesis is
yet unknown. However, increase of misfolded protein, mi-
tochondrial dysfunction and cellular oxidative stress are gen-
erally considered as major causes of sporadic PD generation.

Genetics of Parkinson’s disease

Although most PD cases occur sporadically, 5-10% of the cas-
es are genetically inherited as familial PD (FPD). Through anal-
ysis of FPD patients’ samples during the last two decades,
more than ten PARK loci have been mapped, and most of
genes corresponding to the loci were identified (3, 6, 7; Table
1). Most FPD genes can be inherited as either autosomal domi-
nant or autosomal recessive forms. Examples of the recessive
genes are Parkin, PINK1 and DJ-1, the first two of which are
related to juvenile PD. The representative genes for the autoso-
mal dominant FPD are SNCA (a-synuclein) and LRRK2
(Leucine-rich repeat kinase 2). a-Synuclein, a major compo-
nent of Lewy bodies, was identified as a protein coded by a
gene corresponding to both PARK1T and PARK4. PARK1 and
PARK4 were originally reported as a mutated form of o-synu-
clein (8) and a duplication or triplication of the wild type
o-synuclein gene (9-11), respectively. These genetic studies of
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Table 1. PD genes identified in FPD cases

Park locus  Chromosome location Gene Functions Mode of inheritance Reference
PARKT1, 4 4q21 Alpha-synuclein (SNCA) Component of Lewy body AD 9,10, 109
PARK2 6q25-27 Parkin E3 Ubiquitin protein ligase AR 27
PARK3 2p13 Unknown Unknown AD 110
PARKS5 4p14 UCHLT1* Ubiquitin C-terminal hydrolase AD 111
PARK6 1p35-36 PINK1 Mitochondrial kinase AR 112
PARK?7 1p36 DJ1 Antioxidation AR 113
PARK8 12q12 LRRK2 Kinase, GTPase AD 12,13
PARK9 1p36 ATP13A2 Probable cation-transporting ATPase AR 114
PARK10 1p32 Unknown Unknown AD 115
PARK11 2q36-37 GIGYF2* Regulation of tyrosine kinase receptor signaling? AD 116
PARK12 Xq21-25 Unknown Unknown X chromosome 117
PARK13 2p13 HTRA2 Serine protease Unknown 118
PARK14 22q13.1 PLA2GC6 Phospholipases A2 AR 119
PARK15 22q12-13 FBXO7 E3 ubiquitin protein ligase AR 120, 121
PARK16 1932 Unknown Unknown Unknown 14

*There are conflicting reports on whether UCHLT and GIGYF2 are truly the corresponding PARK genes (122-124).

o-synuclein indicated that not only expression of pathogenic
mutants, but also over-expression of wild type o-synuclein can
cause PD. LRRK2 was first reported in 2004 as a gene corre-
sponding to PARK8 (12, 13). Since then, LRRK2 has been in-
tensively investigated because its mutations are observed in
FPD as well as sporadic PD patients, and pathological charac-
teristics of PD patients with the LRRK2 mutations are similar to
patients with sporadic PD. The details of LRRK2 biology and
pathology will be discussed in the following sections. PARK16
is the most recently reported PARK locus, discovered via a ge-
nome-wide association study for PD (14).

LRRK2

Funayama et al. reported PARK8 as a new PARK locus from a
genome-wide linkage study of a Japanese family that exhibited
autosomal dominant Parkinson’s disease (15). In 2004, two
groups concurrently reported identification of a gene corre-
sponding to PARK8 (12, 13). The protein encoded by PARK8
was named as either LRRK2 (Leucine-rich repeat kinase 2; 12)
or dardarin (13).

LRRK2 (dardarin) is a large protein, consisting of 2527 ami-
no acids, whose molecular weight is approximately 285 kD. It
is a multi-domain protein containing distinctive enzymatic do-
mains of a GTPase and a kinase, along with the protein inter-
action motifs LRR (Leucine-rich repeat) and WD40 (Fig. 1A).
The domain structure of LRRK2 indicates that LRRK2 belongs
to the ROCO family, whose members contain both small
GTPase (ROC) and kinase domains as well as the COR (C-ter-
minal of Roc) region (Fig. 1B; 16). Most ROCO family mem-
bers also contain one or both of the LRR and WD40 domains
(16). LRRK1 is a homologue of LRRK2, and is also a mamma-
lian member of the ROCO family (17). Both the GTPase and
kinase domains of LRRK2 and LRRK1 were shown to be func-
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Fig. 1. (A) Schematic representation of LRRK2 and its domains
with PD-specific pathogenic mutations (bold letters with thick lines).
R1628P and G2385R, two mutations usually found in Asian pop-
ulations and thought to be risk factors for PD, are also indicated.
(B) The domain structures of ROCO family members. LRR: Leucine-
rich repeat, ROC: Ras in complex, COR: C+erminal of Roc. The
NCBI accession numbers of each protein are: LRRK2 (human), NP_
940980; LRRK1 (human), NP_078928; LRK-1 (worm), NP_492839;
dLRRK (fly), NP_001097847; and Pats1 (Dictyostelium discoideum),
XP_645923. Most papers suggested the presence of ankyrin re-
peats, another protein interaction domain, in the N-terminus of the
LRR domain (50, 104). The scale of each domain or protein is not
proportional to its actual size.

tionally active (17-19). The kinase domain of LRRK2 was re-
ported to share homology with mixed-lineage kinase (MLK; 18)
and receptor interacting protein kinase (RIPK; 20). Although
both LRRK1 and LRRK2 are present in mammals such as hu-
man, rat and mouse, only one orthologue of LRRK was identi-
fied in Drosophila and C. elegans, respectively called dLRRK
and LRK-1 (21, 22).

LRRK2 spans an approximately 144 kb region of chromo-
some 12, contains 51 exons and is ubiquitously expressed, al-
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though its expression is more abundant in the kidney and lung
(12, 13). Due to conflicting data, there was some debate on
whether LRRK2 is expressed in the substantia nigra pars com-
pacta, the region in which degeneration of dopaminergic neu-
rons first starts in PD patients (23, 24). However, data reported
later indicated that LRRK2 is indeed expressed in dopami-
nergic neurons in the substantia nigra, although its expression
is relatively low (25, 26). Some of the PARK genes (parkin and
PINK1) are also expressed ubiquitously, or at least in several
tissues in addition to the brain (27, 28). The non-specific and
relatively ubiquitous expression pattern of these genes sug-
gested that death of midbrain dopaminergic (DA) neurons
might be due to failure in the cellular functions of DA neurons
mediated by the mutated proteins, and not due to expression
itself of PARK genes.

Investigation of LRRK2’s subcellular location revealed that
most LRRK2 is present in the cytosol, and a portion of them is
associated with the membranes of organelles such as the mi-
tochondria, golgi apparatus, and synaptic vesicles. LRRK2 is al-
so concentrated in lipid rafts (18, 29, 30).

Pathogenic LRRK2 Mutations
The first two reports of LRRK2 identified several PD-specific
mutations, 11122V, R1441G/C, Y1699C and 12020T, in addi-
tion to a point mutation (3342A >G) near the exon/intron bor-
der (12, 13). G2019S, another pathogenic mutation in LRRK2,
was simultaneously reported by three groups shortly after (31-
33). In addition, G2385R and R1628P mutations were found
in the Asian PD population (34, 35). A case-controlled study
with a large sample size revealed that G2019S is the most
prevalent mutation, present in more than 85% of PD patients
carrying LRRK2 mutations, with R1441C/G as the next most
prevalent, at approximately 10% (36). In addition, the G2019S
mutation was observed in 4% of all familial PD cases. Strikingly,
the G2019S mutation was also identified in 1% of sporadic PD
cases, suggesting that the mutation plays a critical role in the
etiology of PD (36). In certain ethnic populations, the fre-
quency of the G2019S mutation was significantly higher than
that in others. For example, 13-40% of all PD patients in Ash-
kenazi Jewish and northern African Arab populations have the
G2019S mutation (37-40). In Asian populations, the presence
of G2019S in PD patients is extremely low, with a frequency
less than 0.1% (41), but G2385R and R1628P are more fre-
quently present, suggesting both mutations may be PD risk fac-
tors (34, 42). Besides these PD-specific mutations, there are
several polymorphic base changes in the LRRK2 gene (43). How-
ever, although mutations of both LRRK2 and a-synuclein are
inherited in an autosomal dominant manner, duplication of
the wild type LRRK2 gene has not yet been observed while du-
plication and triplication of the wild type a-synuclein has been
found in the PARK4 locus (9-11).

The penetrance of the G2019S mutation increases with age
and reaches more than 74 % in 70 year olds (36, 40). Howev-
er, an octogenarian with the mutation was reported to survive
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without development of PD symptoms (44). In contrast, a re-
cent study suggested that specific genetic backgrounds, such
as the polymorphic variations in MAPT (tau gene), change the
age of disease onset in individuals carrying the pathogenic
LRRK2 mutations (45).

PD patients carrying the pathogenic LRRK2 R1441C or
G2019S mutation exhibited clinical symptoms similar to idio-
pathic PD (31, 46). Most of the patients showed late disease
onset and symptoms of rigidity, bradykinesia, tremor, postural
instability and levodopa response, which are similar to the
sporadic PD cases (31). This similarity highlights LRRK2 as a
potential PD therapeutic target gene among the familial PD
genes.

Molecular Biological Features of LRRK2 and Its Patholo-
gical Roles in Parkinson’s Disease

Dual enzymatic activities of LRRK2

Since its discovery, LRRK2 was highly noticed because of its
dual enzyme activity domains in addition to its relation to PD.
So far, LRRK2 and LRRKT1 are the only two enzymes that con-
tain both GTPase and kinase activities, which play critical
roles for signal transduction. Therefore, it became important to
determine whether the PD-specific mutations change the enzy-
matic activities of these proteins.

Kinase: Protein phosphorylation is one of the most important
tools to regulate cellular functions. Since the kinase domain of
LRRK2 is similar to MAPKKK, an upstream kinase of cellular
signal transduction, and because both the G2019S and 12020T
mutations are located in the conserved kinase domain, the ef-
fect of the LRRK2 mutants on its kinase activities was heavily
investigated. Several groups reported kinase activities of the
mutants using in vitro kinase assays and found that only the
G2019S protein exhibited increased kinase activity, while the
other mutants, R1441C, Y1699C and 12020T, showed ambig-
uous and sometimes conflicting results (18, 19, 47-49). These
conflicting data may be due to the use of different substrates in
the kinase assays, namely the use of general kinase substrates,
such as myelin basic protein or synthetic peptide, or may be
due to different enzyme preparations, which were expressed
from bacterial, insect, or mammalian cells and used a variety
of different tags at either the N- or C-terminal ends (50, 51).
The increased kinase activity of the G2019S mutant could ex-
plain the dominant heredity of that PARK8 mutation. There-
fore, isolation of specific kinase inhibitor(s) of LRRK2 could
lead to developing new PD therapeutics.

In addition to the value of the LRRK2 kinase as a therapeutic
target, identification of the physiological substrates of LRRK2
may reveal the pathogenic mechanism of LRRK2 in PD.
Several reports have raised various proteins as possible sub-
strates for the LRRK2 kinase. The first, moesin, has a potential
phosphorylation site at Thr558 (47). Moesin is a member of
the ERM (ezrin, radixin, and moesin) family, which functions
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as an anchor for the cytoskeleton to cytoplasmic membranes
(52). Parisiadou et al. later showed that cultured neurons de-
rived from G2019S transgenic mice had significantly higher
numbers of phosphorylated ERM-positive and F-actin-enriched
filopodia (53). This increase resulted in retardation of neurite
outgrowth, a representative phenotype repeatedly observed in
cells over-expressing G2019S (53). Another potential LRRK2
substrate is B-tubulin, which, in studies that purified the pro-
tein from bovine brains, has been reported to be specifically
phosphorylated by LRRK2 at Thr107, again suggesting a crit-
ical role of LRRK2 in regulation of cytoskeleton stability (54).

4E-BP, a eukaryotic initiation factor 4E (elF4E)-binding pro-
tein (BP), has been also reported as a LRRK2 kinase substrate
(55). Phosphorylation of 4E-BP by LRRK2 prevents its in-
hibitory binding to elF4E and, thus stimulates elF4E-mediated
protein translation and increases oxidative stress-induced neu-
rotoxicity in DA neurons in Drosophila (55). This observation
was supported by a discovery that loss of dLRRK activated
4E-BP, resulting in suppression of Drosophila parkin and
PINK1 pathogenic phenotypes (56). The stimulation of protein
translation by LRRK2-mediated 4E-BP phosphorylation might
explain why co-transfection of LRRK2 with cDNA genes en-
hanced synthesis of the corresponding protein when compared
to transfection of the cDNA alone, generally regardless of the
gene identity (unpublished result, Seol, W et al.). However, a
recent report found that 4E-BP phosphorylation by LRRK2 is
weaker than LRRK2 autophosphorylation in vitro, raising some
questions as to whether 4E-BP is a physiological substrate of
LRRK2 (57). Members of the MAPKK family, MKK3, 4, 6 and
7, were also identified as substrates for LRRK2 kinase, and PD-
specific LRRK2 mutants enhanced binding to and phosphor-
ylation of these MKKs (58, 59). These observations suggest that
LRRK?2 indeed functions as a MAPKKK.

LRRK2’s kinase activity was predicted to be a Ser/Thr kinase.
An analysis of autophosphorylated LRRK2 by matrix assisted
laser desorption/ionization-time of flight (MALDI-TOF) mass
spectrometery revealed that Ser1403, Thr1404, Thr1410, Thr1491
in the ROC domain, as well as Thr1967 and Thr1969 in the
kinase domain, can all be autophosphorylated (60). Kinase as-
says of LRRK2 using various synthetic peptides showed that
the enzyme prefers to phosphorylate Thr over Ser residues,
and one study developed a synthetic peptide, Nictide, as a
LRRK2 substrate for in vitro kinase assays (61).

GTPase: The GTPase domain of LRRK2 shows sequence ho-
mology to the small GTPase family. The small GTPase family
functions as a molecular switch that requires GEF (guanine nu-
cleotide- exchange factor) and GAP (GTPase-activating protein)
activity to shuttle between its GTP-bound active state and
GDP-bound inactive state (62). Therefore, proving whether the
GTPase domain of LRRK2 is functional was difficult at first
without knowing the identity of LRRK2's specific GEF. However,
several groups successfully showed activity by the GTPase do-
main of LRRK2, though its function was weak (63-66). These
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groups showed that LRRK2 can bind to GTP, and that the
PD-specific R1441C mutation, located in the GTPase domain,
does not increase GTP binding ability, but decreases GTP hy-
drolysis activity, increasing the duration of the enzyme’s active
status (63-65). It is not yet clear if functional GTPase activity is
required for kinase activity. Several groups showed that the
dominant negative mutants of the GTPase domain (K1347A or
T1348N), which are unable to bind to GTP, significantly weak-
en LRRK2 kinase activity (19, 48, 67) whereas others reported
that loss of LRRK2 binding to GTP, GDP or GMP had no effect
on its kinase activity (68). Similarly, studies for the kinase ac-
tivity of the R1441C mutant have found conflicting results, with
decreasing (63, 64) or no change (47, 69) of the activity.

So far, LRRK2’s GTPase activity has been assayed without
any known, exogenous GEF protein. This observation suggests
the possibility that LRRK2 belongs to a novel subgroup of
GTPases that, instead of requiring a GEF protein, utilizes ho-
modimerization of the GTPase domain for its GTPase activity,
like dynamin (70). In fact, the crystal structure of the LRRK2
ROC domain complexed with GDP revealed a dimeric fold
with the R1441 site located at the interface of two monomers
(66). Interestingly, LRRK2 homodimerization is also required
for its kinase activity (71, 72), implying cooperation between
the two enzyme activities.

In conclusion, the accumulated data suggest that LRRK2
contains functional GTPase and kinase activities. Of the
PD-specific mutants, G2019S enhances kinase activity and
R1441C decreases GTPase activity. However, it remains to be
clarified whether any mutants other than G2019S affect its kin-
ase activity and whether GTPase activity is a prerequisite for
kinase activity. Further studies are necessary to resolve poten-
tially conflicting data on this subject.

Proteins interacting with LRRK2

To understand the physiological functions of novel proteins
like LRRK2, one approach is to identify well-characterized pro-
teins that interact with the protein of interest and to use the
known physiological roles of those proteins to deduce the cel-
lular functions of the novel protein. Since the identification of
LRRK?2, efforts to isolate proteins that interact with it have used
a variety of methods, such as yeast two-hybrid screening (30),
protein pull down (73) and co-immunoprecipitation assays (74).
Dachsel et al. used a method combining protein immunopre-
cipitation with tandem mass spectroscopy and identified three
major groups of LRRK2-interacting proteins: (i) proteins related
to the chaperone-mediated response, (ii) proteins functioning
in the cytoskeleton and trafficking and (iii) proteins with kinase
activity (74). Subsequent reports confirmed that most LRRK2-
interacting proteins belong to these groups (73, 75, 76), al-
though the interacting proteins identified in these reports dif-
fered from those isolated by Dachsel et al. (74). Gandi et al.
showed that the ROC domain of LRRK2 can interact with
o/B-tubulin in a GTP-independent manner, and this interaction
was not affected by the R1441C mutation (73). Later, B-tubulin
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was reported to be a LRRK2 kinase substrate (54). Heat shock
protein 90 (Hsp90) is another protein that complexes with
LRRK2. Treatment with Hsp90 inhibitor prevents the associa-
tion of LRRK2 with Hsp90 and results in proteasomal degrada-
tion of LRRK2 (75). Another study reported that the carboxyl
terminus of Hsp70-interacting protein (CHIP) promotes LRRK2
degradation in a proteasome-dependent manner by ubiquitina-
tion of LRRK2 (76). Consequently, over-expression of CHIP al-
leviates toxicity of the LRRK2 mutants (76). Moreover, Ding et
al. showed that Hsp90 can attenuate CHIP-mediated LRRK2
degradation (77). These results together revealed an important
mechanism to regulate LRRK2 stability. The 12020T PD-specif-
ic mutant was also reported to be less stable than the wild type
(78, 79).

Another report found that LRRK2 interacts with Rab5b, a
key regulator of early endocytosis (30). Interestingly, over-ex-
pression of the wild type LRRK2 decreased the rate of endocy-
tosis. Co-expression of active, but not inactive, Rab5b rescues
this endocytosis deficit in primary neuron cultures (30). It was
also shown that FADD (Fas-associated protein with death do-
main), a death adaptor protein critical for apoptosis activation,
interacts with LRRK2, and inhibiting FADD function prevented
LRRK2-mediated neuronal cell death in primary neuronal cul-
tures (80). This result provided a direct link between neuronal
degeneration caused by LRRK2 and activation of apoptosis. It
was also reported that LRRK2 interacts with the dishevelled
family (DVL1-3), a key regulator of Wnt signaling pathways,
suggesting that LRRK2 might be involved in signaling path-
ways that are important for axon guidance, synapse formation
and neuronal maintenance (81).

From the beginning of LRRK2 research, it has been of great
interest whether LRRK2 interacts with other FPD proteins and
affects their functions. Several reports suggested that LRRK2 in-
teracts with Parkin, DJ-1 or PINK-1 in mammalian cell lines, C.
elegans, and Drosophila melanogaster models of Parkinson's
disease (82-84). Another recent study revealed that over-ex-
pression of LRRK2 accelerates the progression of neuropatho-
logical phenotypes in transgenic mice with the A53T a~synu-
clein mutation (85). In addition, Parkin alleviated dopaminergic
neuronal loss mediated by over-expression of LRRK2 G2019S
mutants (86). Combined together, these reports suggest func-
tional linkages among the various FPD genes.

Identification of more LRRK2-interacting proteins, along
with their cellular and physiological functions and their effects
on LRRK2, will further extend understanding of LRRK2's path-
ophysiological roles in PD.

Normal and pathological features of LRRK2

Functions of wild type LRRK2 and its pathogenic mutants were
intensively studied under both normal physiological and ab-
normal stress conditions to discover the mechanisms of etiol-
ogy of LRRK2-mediated PD. Over-expression of wild type
LRRK2 induces neuronal cell death, neurite shortening, protein
aggregation, oxidative stress-induced cell death and increased
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levels of intracellular reactive oxygen species (ROS). Over-ex-
pression of the pathogenic mutants, especially G2019S, ag-
gravates most of these phenomena (19, 48, 49, 69, 82, 87-89).
Biochemical and molecular approaches revealed that these
phenotypes were mostly abolished by expression of kinase-
dead mutants of LRRK2, K1906A/M, D1994N/A or DY2017-
2018AL, suggesting that most toxic effects of LRRK2 over-ex-
pression are caused by its kinase activity (19, 48, 49, 87).
However, the residual kinase activities of these kinase-dead
mutants are variable in in vitro kinase assays, requiring caution
when studying and interpreting data on these mutants.

LRRK2 over-expression reduced of the rate of endocytosis,
but expression of the pathogenic mutants G2019S or R1441C,
or of the kinase-dead K1906M mutant, did affect endocytosis
in comparison with the wild type protein (30), suggesting that
the endocytosis-related phenotype is not mediated by LRRK2
kinase activity.

Both autophagy (87, 90) and apoptosis (49, 58, 91) have
been suggested as mechanisms for LRRK2-dependent dop-
aminergic neuronal cell loss. Based on the interaction of LRRK2
with MKKs and the sequence homology of LRRK2 to MAPKKK,
LRRK2 could be a signal transducing kinase in the MAPK
pathway. In fact, treatment with an extracellular signal-regu-
lated kinase (ERK) pathway inhibitor alleviated G2019S LRRK2-
induced neuronal cell death and neurite shortening (87-89).
Moreover, over-expression of LRRK2 activates ERK, resulting
in slight induction of a-synuclein expression, which could be
suppressed by treatment of a specific ERK inhibitor (92).

A useful approach to elucidate gene function has been the
development of transgenic, knock-out or knock-in animals and
comparison of their physiological characteristics with that of
their wild type littermates. In addition, for disease-related
genes, if these animals showed phenotypes similar to those of
patients with the disease, they can be utilized as model organ-
isms for therapeutic development. Because the pathogenic
LRRK2 mutations are dominantly inherited, transgenic LRRK2
phenotypes, especially that of pathogenic G2019S, are of great
interest. Presently, there is no report of any transgenic animals
generated by insertion of cDNA of wild type or mutated
LRRK2 that exhibit any similarity to PD pathology. The LRRK2
transgenic animals generated by insertion of a BAC containing
the R1441G mutation recapitulated most PD pathological
symptoms, including age-dependent tremors associated with
diminished dopamine release and levodopa-responsiveness
(93). Another study showed that R1441C knock-in animals ap-
peared normal up to 2 years of age. However, careful analysis
revealed decreased amphetamine (AMPH)-induced locomotor
activity, suggesting impairment in dopamine neurotransmission
(94). A recent report on two kinds of BAC transgenic mice
showed that expression of wild type LRRK2 enhanced striatal
dopamine transmission and motor performance, whereas ex-
pression of G2019S mutants decreased striatal DA content as
well as its release and uptake in an age-dependent manner
(95).
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Efforts to generate LRRK2 transgenic or deletion mutant ani-
mals were also attempted in flies and worms, two very useful
experimental animals for this purpose. Abnormal localization
of SNB-1, an orthologue of mammalian synaptobrevin2/VAMP2,
in both presynaptic and dendritic ends has been reported in
the deletion mutant of LRK-1, an orthologue of LRRK2 in C. el-
egans (22). This result suggested that LRRK2 may be involved
in regulation of specific vesicle/cargo transport to proper neu-
rites. Expression of human LRRK2 WT and G2019S in C. ele-
gans increased survival after treatment with paraquat or rote-
none, agents that induce mitochondrial dysfunction, implying
that LRRK2 functions in mitochondria (96).

Drosophila LRRK2 models were also developed (21, 97,
98). Loss-of-function dLRRK mutants in Drosophila yielded
conflicting results on locomotive motor impairment (21, 97).
However, a gain-of-function model was reported to mimic var-
ious features of LRRK2-mediated PD pathology, implying that
this type of fly could be utilized as a useful model for develop-
ment of PD therapeutics (98).

Two experiments are particularly interesting because they
used leukocytes from PD patients with the G2019S mutation
(99, 100). One study performed protein array analysis to com-
pare MAPK activity between patients and healthy controls and
reported that phosphorylation of Src, cJNK and heat shock
protein 27 (HSP27) in patients’ samples are lower than in the
controls (99). Mutez et al. carried out a microarray experiment
using peripheral blood mononuclear cells of PD patients with
the G2019S mutation. Their analysis detected differentially ex-
pressed genes common to the PD patients in comparison with
the healthy controls, and ontology analysis of the genes re-
vealed perturbation of pathways related to PD-related neuro-
degeneration, such as ubiquitin-regulated protein degradation,
mitochondrial oxidation, axonal guidance, inflammation and
apoptosis (100). Metabolomic analysis was also applied to
plasma samples from PD patients with or without the LRRK2
G2019S mutation, along with healthy controls (101). The re-
sults showed that the metabolome pattern was clearly segre-
gated among different groups and that uric acid levels were
significantly reduced both in sporadic and LRRK2-carrying PD
patients (101), which was previously reported using post-
mortem substantia nigra tissue samples from both PD patients
and controls (102). These results raise the promising possibility
that, to diagnose PD and to measure effectiveness of treatment,
patient blood can be utilized. Further research using the pa-
tients” blood samples should be performed to develop a suit-
able surrogate marker of PD, a critical issue in PD diagnosis.

LRRK2 as a PD Therapeutic Target Gene

As previously mentioned, LRRK2 mutations are highly preva-
lent in both familial and sporadic PD cases, and, among vari-
ous FPD genes, phenotypes of patients with LRRK2 mutations
are the most similar to the sporadic PD patients’ phenotypes.
As a result, LRRK2 has been thought to be a promising target
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gene for PD therapeutic development. Originally, there was
significant doubt over whether specific kinase inhibitors could
be developed, since most kinases are considerably conserved
among their functional ATP- or Mg’ *-binding domains. How-
ever, continuous efforts generated kinase inhibitors with suffi-
cient selectivity and, currently, several small molecule kinase
inhibitors are on the market. For example, Imatinib (Novartis'
Gleeveq) is used to treat chronic myelogenous leukemia caused
by the bcr-abl type of mutated tyrosine kinase. Others are
Gefinitib (AstraZeneca’s Iressa) and Erlotinib (OSI/Roche's Tarceva),
drugs that target the kinase function of EGFR (epidermal
growth factor receptor) and are being used to treat non-small
cell lung cancer and pancreatic cancer. Because LRRK2 muta-
tions are inherited in an dominant manner and the most preva-
lent mutation, G2019S, increases kinase activity, it will be eas-
ier to develop a LRRK2 kinase inhibitor instead of developing
a drug to enhance function of the FPD recessive genes. Two
recent papers tested LRRK2 kinase activity with several known
kinase inhibitors (61, 103). Nichols et al. tested the effective-
ness of three Rho kinase (ROCK) inhibitors and showed that
Y-27632 and H-1152, but not GSK429286A, suppressed LRRK2
with similar potency as their activity against ROCK (61). Covy
et al. used well-known kinase peptide substrates to demon-
strate that LRRK2 contains remarkable substrate specificity and
that small molecules with a basic indolocarbazole structure
potently inhibit LRRK2 kinase activity (103). Further efforts to
isolate small molecules that selectively inhibit LRRK2 kinase
activity may result in development of a novel type of PD drug.

CONCLUSION

Since the identification of LRRK2 as the product of the PARK8
gene six years ago, extensive research has been focused on
elucidating LRRK2 function in PD pathology as well as in nor-
mal physiology. These results have provided clues to better
understand PD pathophysiology. However, there still remain
several critical issues:

- What are the stimuli to activate LRRK2? Which signal trans-
duction pathways are involved both upstream and down-
stream of LRRK2?

+ What are the differences in kinase and GTPase activities
among the various LRRK2 pathogenic mutants? How are
these differences relevant to their pathogenicity?

- Is LRRK2 kinase activity modulated by the GTPase domain?

* Which proteins interact with the LRR and WD40 domains of
LRRK2, and do any of them regulate LRRK2 function?

+ Why do some carriers of G2019S remain asymptomatic? Is it
due to differences in genetic background? If so, what are the
genes responsible?

While a cure for Parkinson’s disease may not be available in

the near future, the combined efforts of academia, industry
and non-profit organizations like the MJFF (The Michael J. Fox
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Foundation) to study LRRK2 will allow a better understanding
of and the development of further treatments for PD.

This review is intended to provide a general summary of re-
cent findings in LRRK2 research in a limited space. Recently, a
series of excellent reviews on LRRK2 was published in FEBS J.
(104-108). | suggest referring to these reviews for more detailed
information.
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