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Leucine-rich repeat kinase 2 is a large protein with implications in genetic and

sporadic causes of Parkinson’s disease. The physiological functions of LRRK2 are

largely unknown. In this report, we investigated whether LRRK2 alters neural transport

using live-cell imaging techniques and human neuroblastoma SH-SY5Y cells. Our

results demonstrated that expression of the PD-linked mutant, LRRK2-R1441C,

induced mitochondrial, and lysosomal transport defects in neurites of SH-SY5Y cells.

Most importantly, recently identified GTP-binding inhibitors, 68 and FX2149, can

reduce LRRK2 GTP-binding activity and attenuates R1441C-induced mitochondrial and

lysosomal transport impairments. These results provide direct evidence and an early

mechanism for neurite injury underlying LRRK2-induced neurodegeneration. This is the

first report to show that LRRK2 GTP-binding activity plays a critical role during neurite

transport, suggesting inhibition of LRRK2GTP-binding could be a potential novel strategy

for PD intervention.
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INTRODUCTION

Parkinson’s disease (PD) is a common progressive neurodegenerative disease with movement
disorder. Human PD cases often display a loss of dopaminergic neurons in the substantia nigra
and the presence of protein inclusions (Lewy bodies) in the brain (Dauer and Przedborski, 2003;
Cookson, 2010). Although the pathogenesis of PD is not completely clear, mutations in the leucine-
rich repeat kinase 2 (LRRK2) represent the most common known cause of PD to date (Klein and
Lohmann-Hedrich, 2007; Paisán-Ruiz et al., 2013). LRRK2-associated PD cases have pleomorphic
pathology, however the physiological function of LRRK2 is largely undetermined. LRRK2 is a large
286 kDa cytoplasmic protein and contains several functional domains (Li et al., 2011). Studies
suggest that LRRK2 is involved in multiple cellular processes, including cytoskeletal organization,
neuronal outgrowth, mitochondrial dynamics, autophagy, endocytosis, and protein interactions
(Mata et al., 2006; Raquel Esteves et al., 2014). PD-linked LRRK2 mutations cause neuronal
degeneration although the underlying mechanisms remain elusive.

Disease-linkedmutations mostly occur in one of LRRK2’s two enzymatic sites: a GTPase domain
and a kinase domain (Lee et al., 2012; Martin et al., 2014). These regions have shown considerable
overlap and interplay in PD pathology in previous studies (Gilsbach and Kortholt, 2014; Raquel
Esteves et al., 2014). The majority of LRRK2 PD mutations can lead to increased kinase activity
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and altered GTP binding/GTPase activities (Smith et al., 2006;
Xiong et al., 2012). The LRRK2-R1441C mutation occurs
in the GTPase domain, and mutations at this residue have
previously shown a combination of decreased GTPase activity,
a possible increase in GTP-binding affinity, and a subsequently
overactivated kinase activity (Xiong et al., 2012; Liao et al., 2014;
Raquel Esteves et al., 2014). Studies on LRRK2 kinase andGTPase
domain inhibitors suggest that LRRK2 kinase and GTPase
functions play critical roles in neurodegeneration. Our recently
identified novel GTP-binding inhibitors (Li et al., 2014, 2015)
provide useful pharmacological probes to investigate LRRK2
pathophysiological roles in PD pathogenesis.

Neural transport, in particular axonal transport, is especially
necessary in maintaining healthy neurons as neurons are highly
polarized cells which utilize specific motor proteins to travel
in directions away from the cell body (anterograde) or toward
the cell body (retrograde) along cytoskeletons composed of
microtubules (Fu and Holzbaur, 2014; Maday et al., 2014).
Defects in axonal transport can lead to disruption in energy
homeostasis, impaired protein clearance pathways, neurite
shortening, and eventual cell death (Fu and Holzbaur, 2014;
Maday et al., 2014). Impaired neural transport has been shown
to contribute to the pathogenesis of neurodegenerative disorders,
including Alzheimer’s disease (AD), amyotrophic lateral sclerosis
(ALS), and hereditary spastic paraplegia (HSP) (Chevalier-Larsen
andHolzbaur, 2006). Recent studies suggest that neural transport
(especially axonal transport) impairment may also contribute to
mutant alpha-synuclein toxicity and have implications in PD
pathology (Kim-Han et al., 2011; Lu et al., 2014; Koch et al., 2015).
LRRK2 has been previously shown to interact with microtubules
and some cytoskeleton proteins (Kawakami et al., 2012; Caesar
et al., 2013; Beilina et al., 2014; Law et al., 2014). A recent study
has reported that LRRK2 interacts with a group of Rab GTPases
that play critical roles in cell membrane trafficking (Dodson et al.,
2012; Steger et al., 2016). Computer based predictions of LRRK2’s
interactome suggest that a cluster of its interactors are more
likely involved in regulating cell transport/localization and cell
organization (Manzoni et al., 2015). LRRK2 has been shown to
regulate neuronal outgrowth and intracellular events necessary
for maintaining healthy neurons (Ramonet et al., 2011; Su and
Qi, 2013).

In this study, we are interested in investigating whether
PD-linked LRRK2 mutations alter neural transport and
whether inhibition of LRRK2 enzymatic activities plays a
role in this process. We observed the movement of transport
cargos including mitochondria and lysosomes in differentiated
neuroblastoma SH-SY5Y cells by using live-cell-imaging
approaches. Our studies not only provide the mechanisms of
early neurodegeneration but also provide a potential novel
therapeutic strategy for intervention.

MATERIALS AND METHODS

Materials and Reagents
Cell culture media and transfection reagents (LipofectAMINE
and Plus reagent) were purchased from Invitrogen (Carlsbad,
CA). Compound 68 was custom ordered from Chembridge and

FX2149 and FX2151 were synthesized by Dr. Fengtian Xue’s
group. Compounds were dissolved in 0.1% DMSO for live-cell
imaging and GTP-binding experiments. MitoTracker Orange
and LysoTracker Red were from Molecular Probes at Thermo
Fisher Scientific, and were dissolved in DMSO for live-cell
imaging experiments.

Cell Culture and LRRK2 Transfection
SH-SY5Y human neuroblastoma cells (passage 4–10) were from
ATCC (Manassas, VA, USA), contain dopamine, and were
grown in OptiMem I media with 10% FBS and antibiotics
as described previously. In this condition, SH-SY5Y cells
display differentiated neuron features with neuritic processes
for neural transport studies (Plowey et al., 2008). The Flag-
wild-type and Flag-R1441C pcDNA3.1-LRRK2 constructs were
described previously (Smith et al., 2006; Ko et al., 2009). pMax-
GFP was from Clontech. Transfections were performed using
LipofectamineTM and PLUSTM Reagents (Invitrogen) according
to the manufacturer’s recommendations.

LRRK2 Neuritic Injury Assays
SH-SY5Y cell neuritic injury assays were conducted as described
(Smith et al., 2005; Yang et al., 2012). GFP and various pcDNA3.1-
LRRK2 plasmids were transfected into SH-SY5Y cells at a 1:15
ratio for 24 h in OptiMem I media supplemented with 10%
FBS and then changed to DMEM with N2 supplement for an
additional 24 h. Under these conditions, above 85% of GFP
positive neurons also expressed LRRK2 variants by anti-LRRK2
immunostaining as described previously (Smith et al., 2005).
Fluorescence microscopy was used to measure cell viability fields
by counting the healthy viable cells, defined by possessing at
least one smooth extension (neurite) twice the length of the
cell body from nine randomly selected fields. The experiments
were repeated three times in duplicate. The quantification for
LRRK2 neurite injury was performed by an investigator blinded
to transfection groups.

GTP Binding Activity Assay and Western
Blot Analysis
SH-SY5Y cells transiently transfected to express wild-type,
LRRK2-R1441C, or empty vector as described above were
harvested. Lysates were incubated with 68 (100 nM) for 1 h
at 4◦C, then precipitated with GTP-agarose (Sigma) for an
additional 1 h at 4◦C. Agarose samples were diluted in 2X
Loading buffer (Invitrogen) and 3% βME and denatured in 85◦C
for 5 min. Samples were resolved using 4–12% NuPAGE Bis-Tris
gels and subjected to Western blot analysis using anti-Flag and
anti-actin antibodies (Sigma) (Li et al., 2014, 2015).

Live-Cell Imaging and Transport Analysis
Procedures were performed as described previously with slight
modification (Cherra et al., 2013; Das et al., 2014; Klinman
and Holzbaur, 2015). SH-SY5Y cells were plated and cultured
for 1 day prior to transfection. Cells were co-transfected with
various LRRK2 plasmids and pMax-GFP at a 1:15 ratio using
LipofectamineTM and PLUSTM Reagents (Invitrogen) according
to the manufacturer’s protocol. After 4 h of transfection, the cells
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were maintained in 10% FBS OptiMem I medium for 48 h, then
fluorescent dye [MitoTracker Orange (125 nM) or LysoTracker
Red (100 nM)] was added for 30 min. Before imaging, the
cells were washed once with phenol red-free OptiMem I and
kept in this phenol red-free media for transport assays. For
inhibitor treatment, 68 (100 nM), FX2149 (100 nM), FX2151
(100 nM), or 0.1% DMSO was added to growth media 4 h
post-transfection, and replaced every 12 h for a total of 48
h prior to imaging. Images were taken using a Zeiss Avixon
Camera under a computer controlled fluorescent microscope.
Images were taken every 15 s for a total of 5 min. Images were
compiled into a time-lapse sequence using NIH ImageJ software,
and fluorescent puncta in healthy cell neurites were tracked using
the MTrackJ plugin (Biomedical Imaging Group Rotterdam,
Meijering et al., 2012). Puncta were classified as anterograde
(≥2 micron displacement away from cell body), retrograde
(≥2 micron displacement toward cell body), or stationary (<2
microns displacement). Puncta were recorded at their farthest
displacement in either direction over the course of the time-
lapse sequence, and puncta were counted as both anterograde
and retrograde if a displacement of at least 2 microns occurred
in the opposite direction during this time. To focus specifically
on the interruption of highly processive motility, three puncta
per cell traveling the farthest in both anterograde and retrograde
directions were tracked for run lengths.

Data Analysis
Quantitative data represent arithmetic means ± SEM from at
least three separate experiments for each condition. Live-cell
images were taken for at least three separate experiments with
at least four cells per experiment for each condition. Only
viable GFP-expressing cells were included in these analyses.
Statistically significant differences among groups were analyzed
by ANOVA with post hoc Tukey’s test using Sigmastart 3.1
statistical software. A p < 0.05 was considered significant.

RESULTS

LRRK2-R1441C Caused Neurite Injury in
SH-SY5Y Cells
Previous studies reported that the LRRK2-R1441 mutant
causes disrupted neurite outgrowth, leads to decreased neuritic
branching in PD models using cultured cell lines or primary
neurons (MacLeod et al., 2006; Heo et al., 2010; Cherra
et al., 2013; Tagliaferro et al., 2015). Here, we used SH-
SY5Y cells transiently transfected with Flag-wild-type and Flag-
R1441C-LRRK2 constructs as a cell model to express the
LRRK2 variants. SH-SY5Y were grown in the media (10% FBS,
OptiMem I media) to display mature neuron morphology with
smooth neurite processes. Western blot analysis showed that
LRRK2 variants were expressed well after 2–3 days transfection
(Figure 1A). Consistent with previous reports (Smith et al., 2005,
2006; Tagliaferro et al., 2015), cells expressing LRRK2-R1441C
displayed noticeable neuritic injury (beading) and impaired
neurite complexity after 48 h as compared with vector controls
(Figure 1B). The percentage of cells with at least one neuritic
injury (beading) was significantly increased in those expressing

FIGURE 1 | LRRK2-R1441C mutation caused neurite injury in PD cell

model. SH-SY5Y cells were co-transfected with GFP and various Flag-tagged

pcDNA3.1-LRRK2 plasmids at a 1:15 ratio as described in the method

section. (A) Cell lysates were harvested and subjected to western blot analysis

using anti-Flag and anti-actin antibodies. (B,C) Two days post-transfection,

cells were imaged for GFP fluorescence. Nine images were taken in separate

fields for each experiment. (B) Shown are representative cell images in each

experiment group. (C) Neurite injury was measured by dividing the number of

viable GFP positive cells with at least one smooth extension equal to twice the

length of the cell body and at least one neuritic swelling by the total number of

healthy GFP-positive cells with at least one neurite (F = 70.88). *p < 0.05 by

ANOVA compared to vector control. ***p < 0.001 by ANOVA compared to

vector control.

LRRK2-R1441C compared with empty vector control cells. Wild-
type LRRK2 overexpression only displayed a moderate neuritic
injury (Figure 1C).

LRRK2-R1441C Disrupted Mitochondrial
Transport in SH-SY5Y Neurites
To assess whether mutant LRRK2 alters neural transport, human
SH-SY5Y cells were employed to track mitochondrial transport
using a live-cell imaging assay. Mitochondria were labeled with
MitoTracker Orange and defined as stationary (<2 micron
displacement), anterograde (≥2 micron displacement away from
cell body), or retrograde (≥2 micron displacement toward
cell body) (Figure 2A). Kymographs generated from time-lapse
image sequences show a greater tendency for mitochondria
in LRRK2-R1441C expressing cells to remain stationary as
compared with vector controls or cells expressing wild type-
LRRK2 (Figure 2B). LRRK2-R1441C also significantly decreases
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FIGURE 2 | LRRK2-R1441C induced neuritic mitochondria transport impairments. SH-SY5Y cells co-transfected with GFP and various pcDNA3.1-LRRK2

plasmids at a 1:15 ratio for 48 h. Prior to imaging, cells were stained with MitoTracker Orange for 30 min. Cells were imaged every 15 s for a total of 5 min as

mentioned in detail in methods section. (A) An image depicts time-lapse live-cell imaging technique used for measuring neuritic mitochondrial transport. Mitochondria

in neurites of GFP-positive SH-SY5Y cells were traced using images captured during time progression, and classified as stationary (yellow), anterograde (green), or

retrograde (red) as described in methods section. (B) Kymographs generated from live-cell imaging assays demonstrating typical neuritic mitochondria movement for

vector, LRRK2-WT, and LRRK2-R1441C conditions. (C) Quantification of percentage of mitochondria traveling less than 2 microns (stationary), greater than two

microns away from cell body (anterograde), or greater than two microns toward cell body (retrograde) in cells expressing GFP for each condition. *p < 0.05 by ANOVA

compared to vector control. {F (2, 5) = 15.49; F (2, 5) = 10.32; F (2, 5) = 22.65 for stationary, anterograde, retrograde, respectively}. (D) Quantification of total,

anterograde, and retrograde run lengths of mitochondria traveling at least 2 microns in GFP-expressing cells for each condition. *p < 0.05 by ANOVA compared to

vector control. {F (2, 66) = 3.354; F (2, 21) = 0.1804; F (2, 42) = 3.271 for total, anterograde, retrograde run length, respectively}.

the number of mitochondria traveling in both anterograde
and retrograde directions compared with vector controls
(Figure 2C). Cells expressing wild type-LRRK2 did not change
compared with control cells. In order to assess the processive
nature of mitochondria in the above conditions, run lengths
of mitochondria traveling at least 2 microns were measured.
Cells expressing LRRK2-R1441C showed a significant decrease
in total run length of motile mitochondria compared with cells
expressing vector or wild type-LRRK2, with a significant decrease
in the retrograde transport (Figure 2D). Wild-type LRRK2 did
not affect observed mitochondrial transport in SH-SY5Y cells
under live-cell imaging (Figures 2C,D), possibly due to cell
auto-modulation to balance the normal transport.

68 and FX2149, GTP-Binding Inhibitors,
Attenuated LRRK2-R1441C-Induced
Mitochondrial Transport Defects
As LRRK2-R1441Cmutations occur within its GTPase domain, a

novel LRRK2-specific GTP-binding inhibitor recently discovered

by our lab (Li et al., 2014, 2015) was used to assess whether it alters

mitochondria transport in cells expressing LRRK2-R1441C.

Consistent with previous studies (Li et al., 2014), a GTP-binding

inhibitor, compound 68, significantly reduces LRRK2-R1441C

binding with GTP, while its structural analog, a negative control

compound, FX2151, did not (Figures 3A,B). Treatment with 68

did not alter the mitochondrial transport in vector control or
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FIGURE 3 | A GTP-binding inhibitor, 68, improved mitochondria transport impairment in LRRK2-R1441C cells. SH-SY5Y cells co-transfected with GFP and

either Flag-LRRK2-R1441C, Flag-LRRK2-WT, or vector plasmids at a 1:15 ratio were treated with 68 at 100 nM at 4 h post-transfection for 48 h. (A,B). GTP-binding

assay of cell lysates. (A) Western blots of GTP-binding assays. R1441C/K1347A double mutant represents a non-GTP-binding control lysate. FX2151 represents a 68

analog with no effect on GTP-binding activity (inactive control). (B) Quantification of GTP-binding activity from three repeated GTP binding assays. *p < 0.05 by

ANOVA compared to R1441C with vehicle treatment. (C) Mitochondria events were quantified as stationary, anterograde, or retrograde and expressed as a

percentage of total mitochondria for various groups as indicated., *p < 0.05 by ANOVA compared to vector control. {F (2, 5) =15.49; F (2, 5) =10.32; F (2, 5) = 22.65

for stationary, anterograde, retrograde, respectively}. #p < 0.05 by ANOVA compared to R1441C with vehicle treatment. {F (2, 6) =7.243; F (2, 6) = 0.9794; F (2, 6) =

20.42 for stationary, anterograde, retrograde, respectively}. (D) Quantification of total, anterograde, and retrograde run lengths of mitochondria traveling at least 2

microns in 68 treated, FX2151 treated, and DMSO treated GFP-expressing cells. *p < 0.05 by ANOVA compared to vector control. {F (2, 66) = 3.354; F (2, 21) =

0.1804; F (2, 42) = 3.271 for total, anterograde, retrograde run length, respectively}. #p <0.05 by ANOVA compared to R1441C with vehicle treatment. {F (2, 47) =

3.468; F (2, 10) = 0.3281; F (2, 34) = 6.779 for total, anterograde, retrograde run length, respectively}.

LRRK2-WT cells (Figures 3C,D). Interestingly, 68 significantly
reduced the number of stationary mitochondria in cells

expressing LRRK2-R1441C.Moreover, 68 also improved LRRK2-

R1441C-induced impairments of anterograde and retrograde

mitochondrial movement in neurites (Figure 3C). 68 had more

of an effect on improving mitochondrial transport in the

retrograde direction, while only displaying a slight trend in

increasing anterograde movement but with no significance

(Figures 3C,D). Following treatment with another GTP-binding

inhibitor, FX2149, the number of stationary mitochondria was
likewise decreased in the RC condition in favor of increased

anterograde and retrograde levels (Figure 4). The run lengths
were also increased in the RC level toward vector controls
following FX2149 treatment, significantly in the retrograde
direction. In contrast, there was no effect with negative control
compound FX2151 on mitochondrial transport.

LRRK2-R1441C Impaired Lysosomal
Transport in SH-SY5Y Neurites Is Improved
by 68 and FX2149
Lysosome transport patterns were observed using a live-
cell imaging approach and characterized as either stationary,
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FIGURE 4 | A GTP-binding inhibitor FX2149 improved mitochondrial transport impairment in LRRK2-R1441C cells. SH-SY5Y cells co-transfected with

GFP and either Flag-LRRK2-R1441C, Flag-LRRK2-WT, or vector plasmids at a 1:15 ratio were treated with FX2149 at 100 nM at 4 h post-transfection for 48 h. (A)

Mitochondria events were quantified as stationary, anterograde, or retrograde and expressed as a percentage of total mitochondria for DMSO and FX2149 treatments.

*p < 0.05 by ANOVA compared to vector control. {F (2, 5) = 15.49; F (2, 5) = 10.32; F (2, 5) = 22.64 for stationary, anterograde, retrograde, respectively}. #p < 0.05 by

t-test compared to R1441C with vehicle treatment. {F (4) = 3.699; F (4) = 1.049; F (4) = 2.855 for stationary, anterograde, retrograde, respectively}. (B) Quantification

of total, anterograde, and retrograde run lengths of mitochondria traveling at least 2 microns in FX2149 treated and DMSO treated GFP-expressing cells. *p < 0.05 by

ANOVA compared to vector control. {F (2, 66) = 3.774; F (2, 21) = 0.1804; F (2, 42) = 3.271 for stationary, anterograde, retrograde run length, respectively}. #p < 0.05

by t-test compared to R1441C with vehicle treatment. {F (24) = 4.974; F (6) = 3.828; F (16) = 6.340 for stationary, anterograde, retrograde run length, respectively}.

anterograde, or retrograde as described above for mitochondrial
transport analysis. Expression of wild type-LRRK2 did not
alter lysosome transport compared with vector control cells
(Figure 5). In contrast, expression of LRRK2-R1441C mutant
significantly increased the number of stationary lysosomes
and decreased the number of lysosomes in both anterograde
and retrograde directions (Figures 5A–C). These results were
further validated by the run-length assays of lysosome transport
(Figure 5D). A significant decrease in total run lengths of
lysosomes traveling at least 2microns was seen in cells transfected
with LRRK2-R1441C (Figure 5D). LRRK2-R1441C caused more
reductions in the retrograde direction, while there was only a
slight trend in reduction with no significance in anterograde
movement in the run-length assays.

To assess the effect of 68 on LRRK2-linked lysosome
transport, 68 was used to treat cells expressing vector, LRRK2-
WT, and LRRK2-R1441C for 48 h. Treatment of 68 did not
alter lysosome transport in vector control or LRRK2-WT cells
(Figure 6). However, 68 significantly decreased stationary
lysosomes in cells expressing LRRK2-R1441C compared
with vehicle treated control cells (Figure 6A). Moreover, 68
significantly improved the R1441C-LRRK2-induced defects
in lysosome transport in both anterograde and retrograde
directions, compared with R1441C expressing cells treated
with vehicle alone (Figure 6). Treatment with FX2149 resulted
in a decrease in stationary lysosomes, like in the 68-treated
condition (Figure 7). A corresponding increase in anterograde
and retrograde lysosomes was observed. Lysosome run lengths

were significantly increased amongst anterograde and retrograde
organelles in the FX2149-treated condition compared to vehicle
treated RC cells. There was no effect on lysosome transport
following treatment with negative control compound FX2151.

DISCUSSION

The major findings of this study are that PD-linked GTPase
domain mutation LRRK2-R1441C causes impairments in the
neuritic transport of both mitochondria and lysosomes in SH-
SY5Y cells and that inhibition of GTP-binding with recently
identified pharmacological inhibitors, 68 and FX2149, improves
these transport defects. To our knowledge, this is the first report
that GTP-binding activity is involved in mitochondrial and
lysosomal cargo transport in neuritic processes. Our findings
provide novel insight into LRRK2-linked neuron degeneration
and a potential strategy for PD intervention through inhibition
of GTP-binding activity.

Neuritic injury has been shown to result from impaired
functions within neurons, including disruption of mitochondrial
energy homeostasis, protein clearance pathways, and
intracellular transport processes (Chevalier-Larsen and
Holzbaur, 2006; Sheng and Cai, 2012; Schwarz, 2013; Amaya
et al., 2015). Axon injury has been reported as one of the
early neuronal degeneration events occurring way before cell
body degeneration in a number of neurodegenerative diseases,
including PD (Chevalier-Larsen and Holzbaur, 2006; Maday
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FIGURE 5 | LRRK2-R1441C induced lysosome transport impairment. SH-SY5Y cells were co-transfected with GFP and various pcDNA3.1-LRRK2 plasmids at

a 1:15 ratio for 48 h. Prior to imaging, cells were stained with LysoTracker Red for 30 min. (A) A representative image depicts time-lapse live-cell imaging technique

used for measuring neuritic lysosomal transport. Lysosomes were traced using images captured during time progression, and classified as stationary (yellow),

anterograde (green), or retrograde (red). Kymographs generated from live-cell imaging assays demonstrating neuritic lysosome movement. Lysosomal events were

classified as stationary (yellow), anterograde (green), or retrograde (red). (B) Quantification of percentage of lysosomes traveling less than 2 microns (stationary),

greater than two microns away from cell body (anterograde), or greater than two microns toward cell body (retrograde) in cells expressing GFP for each condition.*p <

0.05 by ANOVA compared to vector control. {F (2, 7) = 8.184; F (2, 7) = 5.423, F (2, 7) = 5.275 for stationary, anterograde, retrograde, respectively}. (C) Quantification

of total, anterograde, and retrograde run lengths of lysosomes traveling at least 2 microns in GFP-expressing cells for each condition. *p < 0.05 by ANOVA compared

to vector control. {F (2, 103) = 4.249; F (2, 32) = 0.4790; F (2, 68) = 4.707 for total, anterograde, retrograde run length, respectively}.

et al., 2014). Neural transport, especially axonal transport, is
necessary for neuronal functions including mitochondrial energy
balance, autophagic-lysosomal degradation, and transportation
of vesicles and other cargos.

Under physiological conditions, about two-thirds of axonal
mitochondria are in a stationary phase, whereas the remaining
third are split equally among mitochondria traveling in
anterograde or retrograde directions (Sheng and Cai, 2012;
Schwarz, 2013; Maday et al., 2014). About half of axonal
lysosomes experience diffusive, random back-and-forth motion
of insignificant distances, whereas the other half undergo
directed motion equally in either anterograde or retrograde
directions (Bandyopadhyay et al., 2014; Maday et al., 2014).
Our results demonstrated that expression of the PD-linked

mutant, LRRK2-R1441C, significantly increases the number
of stationary mitochondria in the neurties of SH-SY5Y cells.
Moreover, LRRK2-R1441C reduced the number and distance
of mitochondria being transported in both anterograde and
retrograde directions. Interestingly, previous reports showed
that the LRRK2-G2019S kinase domain mutant does not affect
mitochondrial transport in cultured neurons (Godena et al.,
2014), suggesting that kinase domain function may not be
involved in neural transport. A number of reports showed that
disease-linked LRRK2mutants causemitochondrial dysfunctions
(Cherra et al., 2013; Su and Qi, 2013; Saez-Atienzar et al., 2014;
Su et al., 2015), however the underlying mechanisms are unclear.
Our results suggest that impairment of the neuritic transport of
mitochondria could be one of the early events and mechanisms
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FIGURE 6 | 68 improved LRRK2-R1441C-induced lysosome transport defects. SH-SY5Y cells co-transfected with GFP and either Flag-LRRK2-R1441C,

Flag-LRRK2-WT, or vector plasmids at a 1:15 ratio were treated with 68 at 100 nM at 4 h post-transfection for 48 h. (A) Lysosomal events were quantified as

stationary, anterograde, or retrograde and expressed as a percentage of total lysosomes for DMSO, FX2151 (100 nM), and 68 treatments (100 nM). *p < 0.05 by

ANOVA compared to vector control. {F (2, 7) = 8.184; F (2, 7) = 5.423, F (2, 7) = 5.275 for stationary, anterograde, retrograde, respectively}. #p < 0.05 by ANOVA

compared to R1441C with vehicle treatment. {F (2, 6) = 15.66; F (2, 6) = 19.57, F (2, 6) = 6.392 for stationary, anterograde, retrograde, respectively}. (B) Quantification

of total, anterograde, and retrograde run lengths of lysosomes traveling at least 2 microns in 68 treated, FX2151 treated, and DMSO treated GFP-expressing cells. *p

< 0.05 by ANOVA compared to vector control. {F (2, 103) = 4.249; F (2, 32) = 0.4790; F (2, 68) = 4.707 for total, anterograde, retrograde run length, respectively}. #p

< 0.05 by ANOVA compared to R1441C with vehicle treatment. {F (2, 70) = 11.91; F (2, 20) = 8.789; F (2, 47) = 4.666 for total, anterograde, retrograde run length,

respectively}.

FIGURE 7 | FX2149 restored lysosomal transport in LRRK2-R1441C cells. SH-SY5Y cells co-transfected with GFP and either Flag-LRRK2-R1441C,

Flag-LRRK2-WT, or vector plasmids at a 1:15 ratio were treated with FX2149 at 100 nM at 4 h post-transfection for 48 h. (A) Lysosomal events were quantified as

stationary, anterograde, or retrograde and expressed as a percentage of total lysosomes for DMSO and FX2149 treatments. *p < 0.05 by ANOVA compared to vector

control. {F (2, 7) = 8.18; F (2, 7) = 5.426; F (2, 7) = 5.510 for stationary, anterograde, retrograde, respectively}. #p < 0.05 by t-test compared to R1441C with vehicle

treatment. {F (4) = 2.18; F (4) = 1.399; F (4) = 1.778 for stationary, anterograde, retrograde, respectively}. (B) Quantification of total, anterograde, and retrograde run

lengths of lysosomes traveling at least 2 microns in FX2149 treated and DMSO treated cells. *p < 0.05 by ANOVA compared to vector control. {F (2, 103) = 4.249;

F (2, 32) = 0.4790; F (2, 79) = 5.747 for stationary, anterograde, retrograde run length, respectively}. #p < 0.05 by t-test compared to R1441C with vehicle treatment.

{F (36) = 2.003; F (10) = 2.705; F (24) = 1.500 for stationary, anterograde, retrograde run length, respectively}.

for mutant LRRK2-inducing mitochondrial dysfunctions and
thereby inducing neuritic injury, although this awaits further
investigation.

Mutant LRRK2 has been shown to cause lysosome/autophagic
pathway impairment (Alegre-Abarrategui and Wade-Martins,
2009; Henry et al., 2015; Esteves and Cardoso, 2016). A
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recent study has identified that LRRK2 mutations lead to
an increase in lysosomal size and a decrease in their ability
for degradation (Bandyopadhyay et al., 2014), as well as
impairs the autophagic cycle’s ability to clear toxic proteins
(Alegre-Abarrategui and Wade-Martins, 2009; Esteves and
Cardoso, 2016). A functioning axonal transport system is
necessary for the lysosome/autophagic pathway, as coordinated
lysosome and autophagosome positioning and recruitment
are prerequisites (Amaya et al., 2015). Our findings showed
that expression of mutant LRRK2 impairs lysosome transport
especially in the retrograde direction. These results demonstrate
that mutant LRRK2 disruption of lysosomal transport is
one of the early events in neuritic injury. LRRK2 has been
implicated as a crossroad for the autophagic clearance of
mitochondria (mitophagy) (Saez-Atienzar et al., 2014; Esteves
and Cardoso, 2016). PD-linked LRRK2 mutations can cause
a loss of mitochondrial membrane potential, which precedes
elimination by mitophagy, thereby resulting in a decrease in
available mitochondria for energy requirements (Su et al., 2015).
These mutations also dysregulate fission and fusion events,
leading to an increase in mitochondria fragmentation which
can trigger an excessive need for autophagy (Wang et al.,
2012; Su and Qi, 2013). Thus, mutant LRRK2 impairs both
mitochondrial and lysosomal transport, which could trigger
lysosome/autophagy pathway impairment resulting in eventual
degeneration.

The GTPase domain of LRRK2 has been previously identified
as a druggable entity, with GTP-binding inhibitors as potential
pharmaceutical candidates (Li et al., 2014, 2015). Pathological
LRRK2 mutations have been shown to lead to altered enzymatic
activities, and we recently have identified novel GTP-binding
inhibitors, 68 and FX2149, which reduces LRRK2 kinase activity
and protects against mutant-LRRK2-induced neurodegeneration
(Li et al., 2014; Raquel Esteves et al., 2014). In this study, we found
that 68 and FX2149 can significantly attenuate mutant LRRK2-
induced impairment of mitochondrial and lysosomal transport
in SH-SY5Y neurites. These findings suggest that LRRK2 GTP-
binding activity is critical for neuritic transport. The machinery
of intracellular organelle transport and how neurons specifically
regulate transport processes is a complex system (Chevalier-
Larsen and Holzbaur, 2006; Fu and Holzbaur, 2014; Maday
et al., 2014; Wong and Holzbaur, 2014). Kinesins and dynein
motor proteins participate in active anterograde and retrograde
transport, respectively, by “stepping” along microtubules (Maday
et al., 2014). This is done through an intricate process of
acetylation and deacetylation of the tubulin components of the

cytoskeleton, which the GTPase domain of LRRK2 has been
shown to affect (Godena et al., 2014; Law et al., 2014). LRRK2-
R1441C is in the GTPase domain and is implicated in disrupting
the balance of autophagic structures, which rely on functioning
transport systems (Alegre-Abarrategui et al., 2009; Orenstein
et al., 2013). Our studies with GTP-binding inhibitors, 68 and
FX2149, show an almost completely rescued lysosomal transport
impairment in these mutations, suggesting that GTPase domain
activity plays a critical role in mutant LRRK2-R1441C-induced
transport defects. LRRK2GTP-binding activity has been reported
as critical for LRRK2 action, and inhibition of GTP-binding
could ameliorate neurotoxicity resulting from R1441C-induced
dysfunction (Lewis et al., 2007; Xiong et al., 2010; Taymans, 2012;
Tsika and Moore, 2013). Pharmacological inhibition of GTP-
binding in LRRK2 could improve neural transport functions and
protect neurons against neurite injury and degeneration. These
findings further indicate that inhibition of GTP-binding activity
could be a valuable therapeutic approach for PD intervention.

In conclusion, our work demonstrates consequential
mitochondria and lysosome neuritic transport impairments as
a result of LRRK2-R1441C mutations, with a corresponding
neurite injury phenotype in SH-SY5Y cells. Inhibition of LRRK2
GTP-binding activity by compounds 68 and FX2149 improved
mutant LRRK2-R1441C-induced transport defects. As such,
targeting the GTP-binding region of LRRK2 may be a potential
therapy for LRRK2-related PD onset.

AUTHOR CONTRIBUTIONS

JT designed the research, collected primary data, performed
analysis, and wrote the manuscript. TL was responsible for
primary data collection and analysis. WY and FX were
responsible for primary data collection and synthesis of FX2149
compound. PF and WS were responsible for designing the
research and data analysis. WS is the corresponding author for
this study.

ACKNOWLEDGMENTS

This work is support by NIH grant R01NS093383 to WS. We
thank Drs. P. Shapiro, J. B. Wang, and C. A. Ross for their helpful
suggestions and contributions. Material that first appeared in
Dr. Thomas’ dissertation is included in this manuscript, but
represents the only othermedium it has appeared in. This content
can be accessed online and is in line with the author’s university
policy (Thomas, 2016).

REFERENCES

Alegre-Abarrategui, J., Christian, H., Lufino, M. M., Mutihac, R., Venda, L. L.,

Ansorge, O., et al. (2009). LRRK2 regulates autophagic activity and localizes to

specific membrane microdomains in a novel human genomic reporter cellular

model. Hum. Mol. Genet. 18, 4022–4034. doi: 10.1093/hmg/ddp346

Alegre-Abarrategui, J., and Wade-Martins, R. (2009). Parkinson disease,

LRRK2 and the endocytic-autophagic pathway. Autophagy 5, 1208–1210.

doi: 10.4161/auto.5.8.9894

Amaya, C., Fader, C. M., and Colombo, M. I. (2015). Autophagy and

proteins involved in vesicular trafficking. FEBS Lett. 589, 3343–3353.

doi: 10.1016/j.febslet.2015.09.021

Bandyopadhyay, D., Cyphersmith, A., Zapata, J. A., Kim, Y. J., and Payne, C. K.

(2014). Lysosome transport as a function of lysosome diameter. PLoS ONE

9:e86847. doi: 10.1371/journal.pone.0086847

Beilina, A., Rudenko, I. N., Kaganovich, A., Civiero, L., Chau, H., Kalia, S.

K., et al. (2014). Unbiased screen for interactors of leucine-rich repeat

kinase 2 supports a common pathway for sporadic and familial Parkinson

Frontiers in Aging Neuroscience | www.frontiersin.org 9 January 2017 | Volume 8 | Article 337

https://doi.org/10.1093/hmg/ddp346
https://doi.org/10.4161/auto.5.8.9894
https://doi.org/10.1016/j.febslet.2015.09.021
https://doi.org/10.1371/journal.pone.0086847
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Thomas et al. GTP-Inhibitors Attenuate Impaired LRRK2 Transport

disease. Proc. Natl. Acad. Sci. U.S.A. 18, 2626–2631. doi: 10.1073/pnas.13183

06111

Caesar, M., Zach, S., Carlson, C. B., Brockmann, K., Gasser, T., and Gillardon, F.

(2013). Leucine-rich repeat kinase 2 functionally interacts with microtubules

and kinase-dependently modulates cell migration. Neurobiol. Dis. 54, 280–288.

doi: 10.1016/j.nbd.2012.12.019

Cherra, S. J. III, Steer, E., Gusdon, A. M., Kiselyov, K., and Chu, C.

T. (2013). Mutant LRRK2 elicits calcium imbalance and depletion

of dendritic mitochondria in neurons. Am. J. Pathol. 182, 474–484.

doi: 10.1016/j.ajpath.2012.10.027

Chevalier-Larsen, E., and Holzbaur, E. L. (2006). Axonal transport and

neurodegenerative disease. Biochimica et Biophysica Acta Mol. Basis Dis. 1762,

1094–1108. doi: 10.1016/j.bbadis.2006.04.002

Cookson, M. R. (2010). The role of leucine-rich repeat kinase 2 (LRRK2) in

Parkinson’s disease. Nat. Rev. Neurosci. 11, 791–797. doi: 10.1038/nrn2935

Das, V., Sim, D. A., and Miller, J. H. (2014). Effect of taxoid and nontaxoid

site microtubule-stabilizing agents on axonal transport of mitochondria in

untransfected and ECFP-htau40-transfected rat cortical neurons in culture. J.

Neurosci. Res. 92, 1155–1166. doi: 10.1002/jnr.23394

Dauer, W., and Przedborski, S. (2003). Parkinson’s disease: mechanisms and

models. Neuron 39, 889–909. doi: 10.1016/S0896-6273(03)00568-3

Dodson, M. W., Zhang, T., Jiang, C., Chen, S., and Guo, M. (2012). Roles of the

Drosophila LRRK2 homolog in Rab7-dependent lysosomal positioning. Hum.

Mol. Genet. Mar. 15, 1350–1363. doi: 10.1093/hmg/ddr573

Esteves, A. R., and Cardoso, S. M. (2016). LRRK2 at the crossroad between

autophagy and microtubule trafficking: insights into parkinson’s disease.

Neuroscientist doi: 10.1177/1073858415616558. [Epub ahead of print].

Fu, M. M., and Holzbaur, E. L. (2014). Integrated regulation of motor-driven

organelle transport by scaffolding proteins. Trends Cell Biol. 24, 564–574.

doi: 10.1016/j.tcb.2014.05.002

Gilsbach, B. K., and Kortholt, A. (2014). Structural biology of the LRRK2 GTPase

and kinase domains: implications for regulation. Front. Mol. Neurosci. 7:32.

doi: 10.3389/fnmol.2014.00032

Godena, V. K., Brookes-Hocking, N., Moller, A., Shaw, G., Oswald, M., Sancho, R.

M., et al. (2014). Increasing microtubule acetylation rescues axonal transport

and locomotor deficits caused by LRRK2 Roc-COR domain mutations. Nat.

Commun. 5:5245. doi: 10.1038/ncomms6245

Henry, A. G., Aghamohammadzadeh, S., Samaroo, H., Chen, Y., Mou, K.,

Needle, E., et al. (2015). Pathogenic LRRK2 mutations, through increased

kinase activity, produce enlarged lysosomes with reduced degradative capacity

and increase ATP13A2 expression. Hum. Mol. Genet. 24, 6013–6028.

doi: 10.1093/hmg/ddv314

Heo, H. Y., Kim, K. S., and Seol, W. (2010). Coordinate regulation of neurite

outgrowth by LRRK2 and its interactor, Rab5. Exp. Neurobiol. 19, 97–105.

doi: 10.5607/en.2010.19.2.97

Kawakami, F., Yabata, T., Ohta, E., Maekawa, T., Shimada, N., Suzuki, M.,

et al. (2012). LRRK2 phosphorylates tubulin-associated tau but not the free

molecule: LRRK2-mediated regulation of the tau-tubulin association and

neurite outgrowth. PLoS ONE 7:e30834. doi: 10.1371/journal.pone.0030834

Kim-Han, J. S., Antenor-Dorsey, J. A., and O’Malley, K. L. (2011). The

parkinsonian mimetic, MPP+, specifically impairs mitochondrial

transport in dopamine axons. J. Neurosci. 31, 7212–7221.

doi: 10.1523/JNEUROSCI.0711-11.2011

Klein, C., and Lohmann-Hedrich, K. (2007). Impact of recent genetic

findings in Parkinson’s disease. Curr. Opin. Neurol. 20, 453–464.

doi: 10.1097/WCO.0b013e3281e6692b

Klinman, E., and Holzbaur, E. L. (2015). Stress-induced CDK5 activation

disrupts axonal transport via Lis1/Ndel1/Dynein. Cell Rep. 12, 462–473.

doi: 10.1016/j.celrep.2015.06.032

Ko, H. S., Bailey, R., Smith, W.W., Liu, Z., Shin, J. H., Lee, Y. I., et al. (2009). CHIP

regulates leucine-rich repeat kinase-2 ubiquitination, degradation, and toxicity.

Proc. Natl. Acad. Sci. U.S.A. 24, 2897–2902. doi: 10.1073/pnas.0810123106

Koch, J. C., Bitow, F., Haack, J., d’Hedouville, Z., Zhang, J. N., Tonges, L.,

et al. (2015). Alpha-Synuclein affects neurite morphology, autophagy, vesicle

transport and axonal degeneration in CNS neurons. Cell Death Dis. 6:e1811.

doi: 10.1038/cddis.2015.169

Law, B. M., Spain, V. A., Leinster, V. H., Chia, R., Beilina, A., Cho, H. J., et al.

(2014). A direct interaction between leucine-rich repeat kinase 2 and specific

β-tubulin isoforms regulates tubulin acetylation. J. Biol. Chem. 289, 895–908.

doi: 10.1074/jbc.M113.507913

Lee, B. D., Dawson, V. L., and Dawson, T. M. (2012). Leucine-rich repeat kinase

2 (LRRK2) as a potential therapeutic target in Parkinson’s disease. Trends

Pharmacol. Sci. 33, 365–373. doi: 10.1016/j.tips.2012.04.001

Lewis, P. A., Greggio, E., Beilina, A., Jain, S., Baker, A., and Cookson, M. R. (2007).

The R1441C mutation of LRRK2 disrupts GTP hydrolysis. Biochem. Biophys.

Res. Commun. 357, 668–671. doi: 10.1016/j.bbrc.2007.04.006

Li, T., He, X., Thomas, J. M., Yang, D., Zhong, S., Xue, F., et al. (2015). A novel GTP-

binding inhibitor, FX2149, attenuates LRRK2 toxicity in Parkinson’s disease

models. PLoS ONE 10:e0122461. doi: 10.1371/journal.pone.0122461

Li, T., Yang, D., Sushchky, S., Liu, Z., and Smith,W.W. (2011). Models for LRRK2-

Linked Parkinsonism. Parkinsons Dis. 2011:942412. doi: 10.4061/2011/942412

Li, T., Yang, D., Zhong, S., Thomas, J. M., Xue, F., Liu, J., et al. (2014). Novel LRRK2

GTP-binding inhibitors reduced degeneration in Parkinson’s disease cell and

mouse models. Hum. Mol. Genet. 23, 6212–6222. doi: 10.1093/hmg/ddu341

Liao, J., Wu, C. X., Burlak, C., Zhang, S., Sahm, H., Wang, M., et al. (2014).

Parkinson disease-associated mutation R1441H in LRRK2 prolongs the “active

state” of its GTPase domain. Proc. Natl. Acad. Sci. U.S.A. 111, 4055–4060.

doi: 10.1073/pnas.1323285111

Lu, X., Kim-Han, J. S., Harmon, S., Sakiyama-Elbert, S. E., and O’Malley, K.

L. (2014). The Parkinsonian mimetic, 6-OHDA, impairs axonal transport in

dopaminergic axons.Mol. Neurodegener. 9:17. doi: 10.1186/1750-1326-9-17

MacLeod, D., Dowman, J., Hammond, R., Leete, T., Inoue, K., and Abeliovich,

A. (2006). The familial Parkinsonism gene LRRK2 regulates neurite process

morphology. Neuron 52, 587–593. doi: 10.1016/j.neuron.2006.10.008

Maday, S., Twelvetrees, A. E., Moughamian, A. J., and Holzbaur, E. L. (2014).

Axonal transport: cargo-specific mechanisms of motility and regulation.

Neuron 84, 292–309. doi: 10.1016/j.neuron.2014.10.019

Manzoni, C., Denny, P., Lovering, R. C., and Lewis, P. A. (2015). Computational

analysis of the LRRK2 interactome. PeerJ 3:e778. doi: 10.7717/peerj.778

Martin, I., Kim, J. W., Dawson, V. L., and Dawson, T. M. (2014).

LRRK2 pathobiology in Parkinson’s disease. J. Neurochem. 131, 554–565.

doi: 10.1111/jnc.12949

Mata, I. F., Wedemeyer, W. J., Farrer, M. J., Taylor, J. P., and Gallo, K. A. (2006).

LRRK2 in Parkinson’s disease: protein domains and functional insights. Trends

Neurosci. 29, 286–293. doi: 10.1016/j.tins.2006.03.006

Meijering, E., Dzyubachyk, O., and Smal, I. (2012). Methods for

cell and particle tracking. Methods Enzymol. 504, 183–200.

doi: 10.1016/B978-0-12-391857-4.00009-4

Orenstein, S. J., Kuo, S. H., Tasset, I., Arias, E., Koga, H., Fernandez-Carasa, I.,

et al. (2013). Interplay of LRRK2 with chaperone-mediated autophagy. Nat.

Neurosci. 16, 394–406. doi: 10.1038/nn.3350

Paisán-Ruiz, C., Lewis, P. A., and Singleton, A. B. (2013). LRRK2: cause, risk, and

mechanism. J. Parkinson’s Dis. 3, 85–103. doi: 10.3233/JPD-130192

Plowey, E. D., Cherra, S. J. III, Liu, Y., and Chu, C. T. (2008). Role of autophagy in

G2019S-LRRK2-associated neurite shortening in differentiated SH-SY5Y cells.

J. Neurochem. 105, 1048–1056. doi: 10.1111/j.1471-4159.2008.05217.x

Ramonet, D., Daher, J. P. L., Lin, B. M., Stafa, K., Kim, J., Banerjee, R., et al. (2011).

Dopaminergic neuronal loss, reduced neurite complexity and autophagic

abnormalities in transgenicmice expressing G2019Smutant LRRK2. PLoS ONE

6:e18568. doi: 10.1371/journal.pone.0018568

Raquel Esteves, A., Swerdlow, R. H., and Cardoso, S. M. (2014). LRRK2, a

puzzling protein: Insights into Parkinson’s disease pathogenesis. Exp. Neurol.

261, 206–216. doi: 10.1016/j.expneurol.2014.05.025

Saez-Atienzar, S., Bonet-Ponce, L., Blesa, J. R., Romero, F. J., Murphy, M. P.,

Jordan, J., et al. (2014). The LRRK2 inhibitor GSK2578215A induces protective

autophagy in SH-SY5Y cells: involvement of Drp-1-mediated mitochondrial

fission and mitochondrial-derived ROS signaling. Cell Death Dis. 5, e1368.

doi: 10.1038/cddis.2014.320

Schwarz, T. L. (2013). Mitochondrial trafficking in neurons. Cold Spring Harb.

Perspect. Biol. 5:a011304. doi: 10.1101/cshperspect.a011304

Sheng, Z. H., and Cai, Q. (2012). Mitochondrial transport in neurons: impact on

synaptic homeostasis and neurodegeneration. Nat. Rev. Neurosci. 13, 77–93.

doi: 10.1038/nrn3156

Smith, W. W., Pei, Z., Jiang, H., Dawson, V. L., Dawson, T. M., and Ross, C.

A. (2006). Kinase activity of mutant LRRK2 mediates neuronal toxicity. Nat.

Neurosci. 9, 1231–1233. doi: 10.1038/nn1776

Frontiers in Aging Neuroscience | www.frontiersin.org 10 January 2017 | Volume 8 | Article 337

https://doi.org/10.1073/pnas.1318306111
https://doi.org/10.1016/j.nbd.2012.12.019
https://doi.org/10.1016/j.ajpath.2012.10.027
https://doi.org/10.1016/j.bbadis.2006.04.002
https://doi.org/10.1038/nrn2935
https://doi.org/10.1002/jnr.23394
https://doi.org/10.1016/S0896-6273(03)00568-3
https://doi.org/10.1093/hmg/ddr573
https://doi.org/10.1177/1073858415616558
https://doi.org/10.1016/j.tcb.2014.05.002
https://doi.org/10.3389/fnmol.2014.00032
https://doi.org/10.1038/ncomms6245
https://doi.org/10.1093/hmg/ddv314
https://doi.org/10.5607/en.2010.19.2.97
https://doi.org/10.1371/journal.pone.0030834
https://doi.org/10.1523/JNEUROSCI.0711-11.2011
https://doi.org/10.1097/WCO.0b013e3281e6692b
https://doi.org/10.1016/j.celrep.2015.06.032
https://doi.org/10.1073/pnas.0810123106
https://doi.org/10.1038/cddis.2015.169
https://doi.org/10.1074/jbc.M113.507913
https://doi.org/10.1016/j.tips.2012.04.001
https://doi.org/10.1016/j.bbrc.2007.04.006
https://doi.org/10.1371/journal.pone.0122461
https://doi.org/10.4061/2011/942412
https://doi.org/10.1093/hmg/ddu341
https://doi.org/10.1073/pnas.1323285111
https://doi.org/10.1186/1750-1326-9-17
https://doi.org/10.1016/j.neuron.2006.10.008
https://doi.org/10.1016/j.neuron.2014.10.019
https://doi.org/10.7717/peerj.778
https://doi.org/10.1111/jnc.12949
https://doi.org/10.1016/j.tins.2006.03.006
https://doi.org/10.1016/B978-0-12-391857-4.00009-4
https://doi.org/10.1038/nn.3350
https://doi.org/10.3233/JPD-130192
https://doi.org/10.1111/j.1471-4159.2008.05217.x
https://doi.org/10.1371/journal.pone.0018568
https://doi.org/10.1016/j.expneurol.2014.05.025
https://doi.org/10.1038/cddis.2014.320
https://doi.org/10.1101/cshperspect.a011304
https://doi.org/10.1038/nrn3156
https://doi.org/10.1038/nn1776
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive


Thomas et al. GTP-Inhibitors Attenuate Impaired LRRK2 Transport

Smith, W. W., Pei, Z., Jiang, H., Moore, D. J., Liang, Y., West, A. B., et al. (2005).

Leucine-rich repeat kinase 2 (LRRK2) interacts with parkin, andmutant LRRK2

induces neuronal degeneration. Proc. Natl. Acad. Sci. U.S.A. 102, 18676–18681.

doi: 10.1073/pnas.0508052102

Steger, M., Tonelli, F., Ito, G., Davies, P., Trost, M., Vetter, M., et al. (2016).

Phosphoproteomics reveals that Parkinson’s disease kinase LRRK2 regulates a

subset of Rab GTPases. Elife 5:e12813. doi: 10.7554/eLife.12813

Su, Y. C., and Qi, X. (2013). Inhibition of excessive mitochondrial fission reduced

aberrant autophagy and neuronal damage caused by LRRK2 G2019S mutation.

Hum. Mol. Genet. 22, 4545–4561. doi: 10.1093/hmg/ddt301

Su, Y. C., Guo, X., and Qi, X. (2015). Threonine 56 phosphorylation

of Bcl-2 is required for LRRK2 G2019S-induced mitochondrial

depolarization and autophagy. Biochim. Biophys. Acta 1852, 12–21.

doi: 10.1016/j.bbadis.2014.11.009

Tagliaferro, P., Kareva, T., Oo, T. F., Yarygina, O., Kholodilov, N., and Burke, R.

E. (2015). An early axonopathy in a hLRRK2 (R1441G) transgenic model of

Parkinson disease. Neurobiol. Dis. 82, 359–371. doi: 10.1016/j.nbd.2015.07.009

Taymans, J. (2012). The GTPase function of LRRK2. Biochem. Soc. Trans. 40,

1063–1069. doi: 10.1042/BST20120133

Thomas, J. M. (2016). Identification and Characterization of GTP-Binding

Inhibitors of LRRK2. Doctoral dissertation, University of Maryland Baltimore,

Baltimore, MD.

Tsika, E., and Moore, D. J. (2013). Contribution of GTPase activity

to LRRK2-associated Parkinson disease. Small GTPases 4, 164–170.

doi: 10.4161/sgtp.25130

Wang, X., Yan, M. H., Fujioka, H., Liu, J., Wilson-Delfosse, A., Chen, S.

G., et al. (2012). LRRK2 regulates mitochondrial dynamics and function

through direct interaction with DLP1. Hum. Mol. Genet. 21, 1931–1944.

doi: 10.1093/hmg/dds003

Wong, Y. C., and Holzbaur, E. L. (2014). The regulation of autophagosome

dynamics by huntingtin and HAP1 is disrupted by expression of mutant

huntingtin, leading to defective cargo degradation. J. Neurosci. 34, 1293–1305.

doi: 10.1523/JNEUROSCI.1870-13.2014

Xiong, Y., Coombes, C. E., Kilaru, A., Li, X., Gitler, A. D., Bowers, W. J., et al.

(2010). GTPase activity plays a key role in the pathobiology of LRRK2. PLoS

Genet. 6:e1000902. doi: 10.1371/journal.pgen.1000902

Xiong, Y., Dawson, V. L., and Dawson, T. M. (2012). LRRK2 GTPase dysfunction

in the pathogenesis of Parkinson’s disease. Biochem. Soc. Trans. 40, 1074–1079.

doi: 10.1042/BST20120093

Yang, D., Li, T., Liu, Z., Arbez, N., Yan, J., Moran, T. H., et al. (2012).

LRRK2 kinase activity mediates toxic interactions between genetic

mutation and oxidative stress in a Drosophila model: suppression

by curcumin. Neurobiol. Dis. 47, 385–392. doi: 10.1016/j.nbd.2012.

05.020

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

The pharmacological uses of 68 and FX2149 are included in a patent by the

University of Maryland.

Copyright © 2017 Thomas, Li, Yang, Xue, Fishman and Smith. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 11 January 2017 | Volume 8 | Article 337

https://doi.org/10.1073/pnas.0508052102
https://doi.org/10.7554/eLife.12813
https://doi.org/10.1093/hmg/ddt301
https://doi.org/10.1016/j.bbadis.2014.11.009
https://doi.org/10.1016/j.nbd.2015.07.009
https://doi.org/10.1042/BST20120133
https://doi.org/10.4161/sgtp.25130
https://doi.org/10.1093/hmg/dds003
https://doi.org/10.1523/JNEUROSCI.1870-13.2014
https://doi.org/10.1371/journal.pgen.1000902
https://doi.org/10.1042/BST20120093
https://doi.org/10.1016/j.nbd.2012.05.020
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

	68 and FX2149 Attenuate Mutant LRRK2-R1441C-Induced Neural Transport Impairment
	Introduction
	Materials and Methods
	Materials and Reagents
	Cell Culture and LRRK2 Transfection
	LRRK2 Neuritic Injury Assays
	GTP Binding Activity Assay and Western Blot Analysis
	Live-Cell Imaging and Transport Analysis
	Data Analysis

	Results
	LRRK2-R1441C Caused Neurite Injury in SH-SY5Y Cells
	LRRK2-R1441C Disrupted Mitochondrial Transport in SH-SY5Y Neurites
	68 and FX2149, GTP-Binding Inhibitors, Attenuated LRRK2-R1441C-Induced Mitochondrial Transport Defects
	LRRK2-R1441C Impaired Lysosomal Transport in SH-SY5Y Neurites Is Improved by 68 and FX2149

	Discussion
	Author Contributions
	Acknowledgments
	References


