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SUMMARY
Missense mutations in Leucine-Rich Repeat kinase 2 (LRRK2) are the most common cause of
inherited Parkinson’s disease (PD). Elucidation of LRRK2 biology and pathophysiology is central
to the development of therapeutic intervention. Our group and others have developed a number of
genetic mouse models of LRRK2 utilizing different genetic approaches. These models exhibit
certain PD-related pathologies (e.g. impaired dopamine transmission and tauopathies) and
abnormal motor functions, providing valuable insight into potential LRRK2-mediated
pathogenesis of PD. However, not surprisingly they lack of substantial neuropathology and
clinical syndromes of PD. Ongoing investigation of these models has begun to shed light on
LRRK2 cellular functions and pathogenic pathways and is expected to assist the identification and
validation of PD drug targets. This report summarizes the recent findings in our genetic LRRK2
models and discusses their utility in understanding much needed knowledge regarding early stage
(pre-symptomatic) disease progression, drug target identification, and potential application in
chemical screening focused on inhibitors of kinase activity of LRRK2.
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1. Introduction
Genetic identification of causative PD genes has been fruitful and provided compelling
evidence for inherited form of PD. Recent cloning of PARK8 (LRRK2) is particularly
promising as LRRK2 mutations contribute to the most common familial form and some
sporadic cases of PD [1,2]. LRRK2 encodes a complex protein (285 kD) containing kinase
and GTPase activities, which are apparently altered by several familial LRRK2 mutations
[3]. G2019S mutation, located in kinase domain of LRRK2, is the most prevalent mutation,
present in more than 85% of PD patients carrying LRRK2 mutations. The G2019S was also
identified in 1% of sporadic PD cases, linking LRRK2 pathogenic pathway to the idiopathic
PD [4,5].

The majority of LRRK2 pathogenic mutations cause clinically typical PD. Biochemical
analysis suggests that some, but not all, PD-linked mutations in LRRK2 cause increased
kinase activity [3,6], which is correlated with enhanced neuronal toxicity [6–8]. The
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previous study in invertebrate models implicates LRRK2 in diverse cellular functions in
vesicular trafficking, neurite outgrowth, cytoskeletal regulation and translational control [9].

Modeling PD in genetically modified rodents is critical to the understanding of the
pathogenesis of PD and developing therapeutic strategy. Recently several groups including
ours have reported the generation of LRRK2 genetic mouse models. All LRRK2 genetic
models are viable, fertile, and no gross abnormality in development and differentiation has
been observed. There is lack of substantial neurodegenerative process and clinical
syndromes of PD. However, common PD-related pathologies were observed in these genetic
models. In this report, I summarize the characterization of our LRRK2 models and discuss
their potential in understanding much needed knowledge regarding early stage (pre-
symptomatic) disease progression, identifying drug targets, and exploring the potential in
aiding compound screening for the inhibitors of kinase activity of LRRK2.

2. BAC transgenic models of LRRK2
We used bacterial artificial chromosome (BAC)-mediated transgenesis to develop mouse
models expressing PD-linked mutations of LRRK2. The BAC transgenesis permits precise
temporal and spatial expression pattern of transgene under the control of endogenous
promoter [10]. BAC transgenesis is particularly suitable for the modeling of
neurodegenerative diseases with dominant disease transmission. Our group developed two
BAC transgenic models expressing mouse LRRK2 wildtype (LRRK2-Wt) and G2019S
mutant [11]. Analysis of the two BAC models showed similar expression patterns and levels
in the CNS, offering a unique opportunity to “tease out” G2019S-specific disease effect
from phenotypes caused by LRRK2-Wt overexpression. The characterization revealed
distinct effect of LRRK2-Wt vs. G2019S on striatal dopamine transmission (cyclic
voltametry) and consequent motor function: LRRK2-Wt mice have elevated striatal
dopamine release with unaltered DA uptake or tissue content, and accordingly, they are
hyperactive and show enhanced performance in motor function tests; by contrast, LRRK2-
G2019S mice show an age-dependent decrease in striatal DA content (~25%), as well as
decreased striatal DA release and uptake. However, LRRK2-G2019S mice display no motor
function deficits up to 12 months [11]. Interestingly, a number of LRRK2-G2019S mice
(10–15%) developed abnormal motor behavior around 20 months of age (Yue lab,
unpublished result). Furthermore, we reported that LRRK2-Wt and G2019S overexpression
have distinct effects on phospho-tau levels in certain brain regions, suggesting that LRRK2-
Wt may regulate phospho-Tau homeostasis that is impaired in G2019S mutant [11].

What are the implications of the above results? First, despite the lack of degeneration of
dopamine neurons and α-synuclein inclusions in the above models, the BAC mice
expressing G2019S mutant exhibit pathological features that are highly relevant to PD:
impairment of striatal dopamine transmission and striatal dopamine content, aberrant
regulation of phospho-tau levels (compared to LRRK2-Wt) and late onset motor
abnormality. Considering the enhancement of dopamine transmission and motor
performance caused by overexpression of wildtype LRRK2, we propose that at system level
LRRK2 plays an important role in regulating striatal dopamine transmission and consequent
motor function control; the G2019S pathogenic mutation disrupts LRRK2-mediated
dopamine transmission, which is linked to motor function deficits. Second, the results
suggest a tie between LRRK2 and tau, in agreement with the observation in a subset of
LRRK2 mutation PD patients showing tauopathies [2,12–14]. Third, not surprisingly, some
discrepancies of certain phenotypes exist in our BAC models and others. It is conceivable
that different BAC constructs, host strain genetic background, expression levels of
transgenes, can account for the variability of the phenotypes in these BAC models [15].
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3. LRRK2 cellular functions and pathogenic pathway
3.1. Role of LRRK2 in neurotransmission and regulation of synaptic vesicles

A common observation emerging from the studies of multiple LRRK2 models is the
impairment of dopamine transmission in G2019S and R1441C/G BAC mice. LRRK2
mutations may also affect other neurotransmitter system. Furthermore, the impaired
neurotransmission cannot be necessarily secondary to degenerating presynaptic terminals, as
no obvious axonal abnormalities were noticed in the BAC G2019S mice [11]. Therefore, the
PD mutations can trigger an initial defect in neuronal/axonal functions in the absence of
physical denervation of presynaptic terminals. Previous evidence that LRRK2 function is
linked to the regulation of synaptic vesicle protein localization or synaptic vesicle trafficking
is compatible with this notion. Therefore, impairment of synaptic vesicle function caused by
G2019S or R1441C/G could be the underlying mechanism for presynaptic dysfunction.

3.2. Role of LRRK2 in Tau and cytoskeletal dynamics
Our study provides a support for the link of LRRK2 and Tau in the same pathway. Indeed,
recent genome-wide association studies (GWAS) showed surprisingly that MAPT (genetic
term for tau) is a risk factor for sporadic PD [16], therefore placing tau in the pathogenic
cascade of PD in addition to other neurological disorders with tau pathology such as
Alzheimer’s disease and frontotemporal dementia. It also suggests that these diseases may in
part share the pathogenic mechanism involved in tau dysfunction. A line of evidence has
indicated that LRRK2 can interact and/or phosphorylate proteins involved in microtubule
and actin dynamics. This may explain the axonal pathology and presynaptic abnormality in
several LRRK2 genetic models [15].

3.3. Potential link of LRRK2 and α-synuclein
A previous study showed that LRRK2 expression levels are critical for the development of
α-synuclein-induced neuropathology in mice, suggesting that LRRK2 acts upstream and
regulates α-synuclein in disease pathway [17]. Interesting, a relevant report in LRRK2
knockout mice shows that endogenous LRRK2 appears to be important to suppress
abnormal accumulation of α-synuclein as well as accompanied inflammatory response in
kidney [18]. Given the current knowledge about α-synuclein function, one can speculate that
in the CNS LRRK2 and α-synuclein are functionally related and cause neuropathology
perhaps through the following pathways: (1) interfere with synaptic vesicle functions by
directly engaging vesicle-associated proteins and membrane trafficking; and/or (2) impair
microtubule and actin dynamics by modulating cytoskeletal protein biochemical properties
at presynaptical terminals.

3.4. Phosphorylation, 14-3-3 binding of LRRK2, and impairment of phosphorylation/14-3-3
binding in LRRK2 PD mutants

We identified multiple phosphorylation sites at N-terminus of LRRK2 including S910,
S912, S935 and S973 in LRRK2 protein isolated from brain, suggesting that LRRK2 is
extensively phosphorylated in vivo. Our study showed that 14-3-3 proteins bind LRRK2 and
this binding depends on phosphorylation of S935. The 14-3-3 binding of LRRK2, with little
effect on dimer formation of LRRK2, confers protection of the phosphorylation status of
S935. We also find that that protein kinase A (PKA), but not LRRK2 kinase itself, can cause
the phosphorylation of LRRK2 at S935 in vitro and in cell culture, suggesting that PKA is a
potential upstream kinase that regulates LRRK2 function. Further, our study indicates that
the common PD-related mutations of LRRK2, R1441G, Y1699C and G2019S, decrease
homeostatic phosphorylation levels of S935 and impair 14-3-3 binding of LRRK2 [19]. The
result suggests that 14-3-3 is an important regulator of LRRK2-mediated cellular functions,
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and that the impairment of phosphorylation/14-3-3 binding of LRRK2 caused by the
common familial PD-related mutations provides a potential pathogenic mechanism of
LRRK2-linked PD.

4. How do we evaluate LRRK2 BAC models lacking overt
neurodegeneration

The lack of the substantial PD neuropathology and clinical features of the PD syndrome
raises the question how we evaluate the LRRK2 models for basic and clinical research of
PD. The late onset and age-dependent penetrance of the G2019S may explain the lack of
neurodegeneration in our LRRK2 BAC models with maximal 2–3 year in life span. A
number of functional imaging studies show abnormal striatal dopamine system in both
symptomatic G2019S patients, which is indistinguishable from idiopathogenic PD cases
[20], and asymptomatic G2019S individuals, who might be in the course of developing PD
symptoms. This result demonstrates that the striatal dopamine abnormality occurs preceding
the frank motor function deficits in G2019S PD patients and perhaps loss of the dopamine
neurons. Therefore, the LRRK2 models recapitulate the specific disease events, and may
represent an early pathological alteration before the loss of dopamine neurons. Therefore,
we propose that these models can be best used to identify the molecular events at early
disease stage that trigger signaling cascade and are causative to the ultimate manifestation of
motor deficits and neurodegeneration. In addition, they should be valuable for delineating
the sequence of pathological events that are responsible for the slow progression of the
disease. Finally, PD is a motor as well as non-motor disease. LRRK2 is expressed in broad
brain regions that are in charge of more than just motor functions. In addition, LRRK2
patients also exhibit non-motor symptoms similar to sporadic PD [4]. It is worth mentioning
that our G2019S models showed certain abnormal non-motor behavior, which was
associated with pre-motor episode in PD. Future experiments should investigate the
molecular and cellular basis of this observation and may shed light on the pathogenic
mechanism for the non-motor components of PD.

5. Application of the LRRK2 models in pre-clinical research
The toxic gain-of-function in LRRK2 kinase activity has been a dominant hypothesis, and
therefore, inhibition of kinase activity is being pursued as the primary therapeutic strategy
for LRRK2 mutant PD. How can the BAC LRRK2 models aid the target validation and
inhibitor screening?

With increasing number of LRRK2 inhibitors identified, a suitable mouse model(s) is highly
desirable for the functional validation of their efficacy in vivo. Although the rodent models
mediated by HSV or adenovirus delivery of LRRK2 may provide promising
neurodegenerative models, the expansion of the study for thorough screening and validation
of inhibitors may be difficult due to overall high variability of the results in this type of
study. Despite the lack of the prominent PD neuropathology, multiple lines of LRRK2 BAC
transgenics share some PD relevant pathological features and can assist to establish potential
endpoints in evaluating the LRRK2 inhibitors.

First, efficacy of small chemical-mediated inhibition of LRRK2 activity in the CNS should
be demonstrated. This can be assessed by evaluation of autophosphorylation of LRRK2 and
phosphorylation of LRRK2 substrates via phospho-specific antibody detection. In our BAC
LRRK2-Wt and G2019S mice, we showed that the kinase activity of the brain G2019S
protein is 2–3-fold higher than that of wildtype [11]. These models are potentially useful to
test the idea that suppression of enhanced kinase activity in G2019S (without a complete
block of wildtype LRRK2 kinase activity) is correlated with the reversal of the observed
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neuropathology in G2019S mice. Second, we propose the premise of impaired striatal
dopamine transmission (and levels) and tau pathology, the two common disease-related
features in LRRK2 genetic models, as primary neuropathology endpoints, and the motor
function deficits in the BAC mice as potential behavioral endpoint. Third, more than one
model should be tested in order to draw a meaningful conclusion.

6. Future perspective
Continuous exploration of the existing and incoming new LRRK2 models will provide
critical information for drug target validation and novel endpoint identification in the
development of therapeutic strategies. As LRRK2 kinase/GTPase activity is a highly
“druggable” target, therapeutic strategies targeting aberrant LRRK2 activity hold a great
promise for the treatment of PD. Probe of the specific disease feature and stage with LRRK2
inhibitors in available LRRK2 genetic models should be highly feasible, and is expected to
advance our knowledge regarding how LRRK2 kinase/GTPase is involved in disease
progression and move the field of PD research forward.
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