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Abstract
Neuritic retraction represents a prominent feature of the degenerative phenotype associated with
mutations in leucine rich repeat kinase 2 (LRRK2) that are implicated in autosomal dominant and
some cases of sporadic Parkinson's disease. Alterations in macroautophagy, the vacuolar catabolism
of cytoplasmic constituents, have been described in Parkinson's disease. In this study, we utilized
retinoic-acid differentiated SH-SY5Y cells to determine whether autophagy contributes to mutant
LRRK2-associated neurite degeneration. Transfection of pre-differentiated SH-SY5Y cells with
LRRK2 cDNA containing the common G2019S mutation resulted in significant decreases in neurite
length, which were not observed in cells transfected with wild type LRRK2 or its kinase-dead
K1906M mutation. G2019S LRRK2 transfected cells also exhibited striking increases in autophagic
vacuoles in both neuritic and somatic compartments, as demonstrated by fluorescence and western
blot analysis of the autophagy marker green fluorescent protein-tagged microtubule-associated
protein Light Chain 3 and by transmission electron microscopy. RNA interference knockdown of
LC3 or Atg7, two essential components of the conserved autophagy machinery, reversed the effects
of G2019S LRRK2 expression on neuronal process length, whereas rapamycin potentiated these
effects. The mitogen activated protein kinase/extracellular signal regulated protein kinase (MAPK/
ERK) kinase (MEK) inhibitor 1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio]butadiene
(U0126) reduced LRRK2-induced neuritic autophagy and neurite shortening, implicating MAPK/
ERK-related signaling. These results indicate an active role for autophagy in neurite remodeling
induced by pathogenic mutation of LRRK2.
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Genetic models of Parkinsonian neurodegeneration involving leucine rich repeat kinase 2
(LRRK2) have emerged as targets of intense research after several mutations in LRRK2 were
shown to segregate with disease in autosomal dominant, PARK8-linked Parkinsonism (Paisan-
Ruiz et al. 2004; Zimprich et al. 2004). Studies have demonstrated that the G2019S substitution
in the kinase domain confers enhanced kinase activity to LRRK2 that results in cell toxicity
(Smith et al. 2005, 2006; West et al. 2005, 2007; Gloeckner et al. 2006; Luzon-Toro et al.
2007). Moreover, engineered kinase-inactive LRRK2 mutants reveal that the pathologic effects
of LRRK2 over-expression are dependent upon kinase activity (Gloeckner et al. 2006; Greggio
et al. 2006). Mutant LRRK2 expression is associated with progressive neurite shortening that
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precedes gradual cell death in vitro and in vivo (Macleod et al. 2006). The similarities in the
clinicopathologic features of LRRK2-associated familial Parkinsonism and sporadic
Parkinson's disease (PD) further support the potential relevance of understanding mechanisms
related to LRRK2-associated neurodegeneration (Farrer 2006).

Recent studies from our laboratory demonstrate that macroautophagy, the catabolism of
cytoplasmic molecules and organelles following sequestration in an autophagic vacuole (AV),
plays a significant role in the MPP+ model of Parkinsonian injury (Zhu et al. 2007). While
neurons undergo degeneration when basal autophagic degradation is disrupted (Hara et al.
2006; Komatsu et al. 2006, 2007), dysregulated autophagy can also contribute actively to
neurodegeneration (Matyja et al. 2005; Nixon et al. 2005; Chu 2006; Wang et al. 2006;
Kiselyov et al. 2007). Inhibition of autophagy induction through knockdown of core autophagy
proteins confers protection from MPP+ neurotoxicity (Zhu et al. 2007) and degenerative stimuli
in other cell types (Li et al. 2006; Xu et al. 2006). The potential role(s) of autophagy in
mediating neuritic injury and remodeling remain to be delineated.

In this study, we demonstrate an active role for autophagy in neurite withdrawal associated
with expression of mutant G2019S-LRRK2 in SH-SY5Y neuroblastoma cells that were
previously differentiated using retinoic acid (RA). Mutant LRRK2 expression in differentiated
SH-SY5Y cells caused neurite shortening with concomitant increases in neuritic and somatic
AV content, as demonstrated by the autophagosome marker green fluorescent protein-tagged
microtubule-associated protein Light Chain 3 (GFP-LC3) and electron microscopy.
Furthermore, RNA interference (RNAi) knockdown of two distinct proteins necessary for
autophagy induction significantly reversed these neuritic alterations. These results indicate that
autophagy plays an active role in neurite shortening associated with G2019S-LRRK2
expression.

Materials and methods
Cell Culture

SH-SY5Y cells were purchased from ATCC (Manassas, VA, USA). Cells were maintained in
a humidified incubator with 5% CO2 at 37°C in antibiotic-free Dulbecco's modified Eagle's
medium supplemented with 10% heat-inactivated fetal calf serum (BioWhittaker,
Walkersville, MD, USA), 2 mM glutamine (BioWhittaker) and 10 mM HEPES
(BioWhittaker). For all experiments, cells were plated at a density of 5 × 104/cm2 in LabTek
II coverglass culture dishes (Nalge Nunc International/Thermo Fisher (Pittsburgh, PA, USA))
or 6-well plastic culture dishes with the same media formulation supplemented with 10 μM
RA to induce differentiation for 72 h prior to transfection. In some experiments, differentiated
cell cultures were treated with rapamycin (2 μM; Sigma, St. Louis, MO, USA), 3-
methyladenine (3-MA; 5 mM; Sigma) or 1,4-diamino-2,3-dicyano-1,4-bis[2-
aminophenylthio]butadiene (U0126); (10 μM; Promega, Madison, WI, USA).

DNA Transfection
Full length, triple hemaglutinin (HA)-tagged wild-type human LRRK2 cDNA was subcloned
into the pcDNA3.1 vector. The constructs of K1906M- and G2019S-LRRK2 were engineered
via site-directed mutagenesis using the wild type construct as the template. The engineered
K1906M mutation has been previously shown to be effective in inhibiting LRRK2 kinase
activity (Gloeckner et al. 2006; West et al. 2007). All LRRK2 construct sequences were
verified by DNA sequencing and restriction analysis. pEGFP-LC3 was received as a gift from
Tamotsu Yoshimori (Osaka University, Japan). EGFP-Cl was purchased from ClonTech
(Mountain View, CA, USA) and pmaxGFP was purchased from Amaxa Biosystems
(Gaithersburg, MD, USA). Previously differentiated SH-SY5Y cells were co-transfected with
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a LRRK2 construct and either pEGFP-LC3 or pMAX-GFP in a 15 : 1 mass ratio with 0.1%
Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA). Cells were fixed 48-h post-
transfection with 4% paraformaldehyde.

RNA interference
Inhibition of the autophagy machinery via RNAi was performed as previously described (Zhu
et al. 2007). Briefly, small interfering RNA (siRNA) sequences targeting human LC3 (5′-
GAAGGCGCUUACAGCUCAA-3′; 40 nM; Invitrogen) or one of two independent siRNA
preparations targeting human Atg7 (5′-GGAGUCACAGCUCUUCCUU-3′, 20 nM, Ambion,
Austin, TX, USA; and Dharmacon smartpool Atg7 siRNA, 20 nM, Dharmacon, Lafayette, CO,
USA) were introduced using 0.1% Lipofectamine 48 h prior to transfection with respective
LRRK2/GFP plasmids. A fluorescent siRNA oligonucleotide (DY-547 siGLO Lamin A/C; 20
nM; Dharmacon) was used to confirm that these conditions result in efficient delivery of siRNA
to 95% ± 3.9 (SD) of cells. Non-targeted RNA oligonucleotide pool (Dharmacon) was used as
control. Efficacy and specificity of protein knockdown was assessed by western blotting.

Transmission electron microscopy
Cells were grown and treated as above in 6-well plates. At 48 h after LRRK2 transfection, cell
monolayers were fixed in 2.5% glutaraldehyde for 1 h and post-fixed for 1-h in 1%OsO4/1%
K3Fe(CN)6. Cells were then dehydrated in serial dilutions of ethanol and embedded in Polybed
812 epoxy resin (Polysciences, Warrington, PA, USA). Ultrathin sections (60 nm) were stained
and photographed as previously described (Zhu et al. 2007).

Western blotting
Cell lysates were obtained with buffer containing protease inhibitors as previously described
(Zhu et al. 2007). Equal amounts of protein per treatment condition, determined by Coomassie
Plus Protein Assay (Pierce, Rockford, IL, USA), were electrophoresed through 5–15% gradient
polyacrylamide gels and transferred to Immobilon-P membranes (Millipore, Bedford, MA,
USA). Membranes were blocked with 5% non-fat milk and subsequently incubated in mouse
anti-LC3 IgG (1 : 500, Nanotools), mouse anti-p44/42 mitogen activated protein kinase
(MAPK) [p-extracellular signal regulated kinase (ERK), 1 : 1000; Cell Signaling, Danvers,
MA, USA), rabbit anti-GFP (1 : 5000; Invitrogen) or mouse anti-HA Tag (1 : 1000, Covance,
Princeton, NJ, USA) overnight at 4°C. Immunoreactivity was revealed by probing with
horseradish peroxidase conjugated anti-mouse or anti-rabbit IgG (Amersham, Piscataway, NJ,
USA) followed by exposure to ECL detection reagents (Amersham). Following membrane
stripping, equal protein loading per treatment condition was confirmed by probing with mouse
anti-β-actin IgG (1 : 5000; Sigma) or rabbit anti-ERK (t-ERK, 1 : 30 000; Upstate).
Densitometric analysis was performed using electrophoresis analysis software (Kodak,
Rochester, NY, USA).

Indirect immunofluorescence
Fixed cultures were permeabilized with 0.1% Triton-X in phosphate buffered saline and
blocked with 5% donkey serum. Cells were incubated in mouse anti-HA Tag (1 : 1000,
Covance) overnight at 4°. Immunoreactivity was revealed via incubation with Cy3-conjugated
donkey anti-mouse IgG (1 : 1000; Vector, Burlingame, CA, USA). Nuclei were stained with
4′,6-diamidino-2-phenylindole (1 : 500 dilution; Invitrogen). Cells were imaged on an Olympus
IX71 microscope with Microsuite Five imaging software (Olympus America, Melville, NY,
USA).
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Quantitative image analysis and statistics
Forty random fields of HA-tag labeled cells were photographed by an individual that was
blinded to the experimental conditions. The channels were extracted to greyscale and neurite
lengths traced and measured using the public domain NIH Image J Software supplemented
with Neuron J plug-in (Meijering et al. 2004). GFP-LC3 granule dimensions and counts were
analyzed using the threshold function of Image J. GFP-LC3 puncta were defined as sharply
demarcated structures that exceeded two standard deviations over the adjacent background of
diffuse cytosolic GFP intensity. The nuclei were excluded from analysis and multiple filter
sets used to exclude autofluorescent lipofuscin granules, which can be seen in mouse brain
sections but was not observed in the SH-SY5Y cell system. Transfected cells with overlapping
neurites or cell bodies were excluded from quantitative analysis. Data are expressed as means
± SEM. Statistically significant differences were detected by analyses of variance (ANOVA);
groups were subsequently compared using unpaired t-tests with Bonferroni corrections. Values
of p < 0.05 were considered statistically significant.

Results
Previously differentiated SH-SY5Y cells were co-transfected with EGFP, to allow
visualization of individual cell processes, and one of the following: vector control, wild type-,
G2019S- or K1906M- LRRK2 plasmids. Transfection of LRRK2 constructs in differentiated
SH-SY5Y cells resulted in diffuse cytosolic LRRK2 expression as demonstrated by
immunofluorescent staining for the HA-tag (Fig. 1a). Under our transfection conditions, no
aggregation of GFP nor of any of the over-expressed LRRK2 proteins was apparent at the time
points studied. Expression of the full length LRRK2 protein was confirmed by western blot
demonstration of specific HA-tagged protein bands at 280 kDa for the wild type and mutant
LRRK2 constructs (Fig. 1b). Merging the channels for EGFP and Cy3-labeled HA-tag
confirmed absence of HA immunoreactivity in vector-transfected cells and successful co-
transfection of cells with EGFP and the three LRRK2 plasmids (Fig. 1c). Transfection with
G2019S-LRRK2 caused shortened neuritic processes in contrast to cells transfected with
vector, wild-type LRRK2 or kinase-dead K1906M-LRRK2 (Fig. 1c and d). Cell body
morphology was unaffected by these treatments (Fig. 1e).

As alterations in autophagy have been implicated in neuritic pathology (Larsen et al. 2002;
Wang et al. 2006), we investigated the potential role of autophagy in LRRK2-mediated
alterations. The autophagy marker protein LC3, a mammalian homolog of the yeast Atg8
protein, is covalently modified and redistributes to AVs during induction of autophagy, and
this process can be followed by the appearance of LC3 puncta or ring-like structures (Kabeya
et al. 2000), with covalent lipidation detected by mobility shift from LC3-I to LC3-II by SDS-
PAGE. Cytoplasmic GFP-LC3 puncta were quantified in cells co-transfected with GFP-LC3
and LRRK2 constructs as an index of AV content (Fig. 2). pcDNA vector-transfected cells
demonstrated diffuse GFP-LC3 distribution with only very rare GFP-LC3 granules (Fig. 2a
and b). In contrast, increases in AV number and size were observed in cells transfected with
G2019S-LRRK2 in both neuritic and somatic compartments. Wild-type LRRK2 expression
was associated with a trend towards increased AV numbers (Fig. 2b–e). No increase in AV
content was observed in cells transfected with kinase dead K1906M-LRRK2.

Depending on the cell type, protein aggregates have been reported in 5% or more of transfected
cells, with the greatest number observed with the Y1699C mutation (Greggio et al. 2006). To
verify that the observed changes in LC3 reflected increased AV content rather than protein
aggregation (Bjorkoy et al. 2005), differentiated SH-SY5Y cells transfected with G2019S-
LRRK2 were studied by transmission electron microscopy (Fig. 3). AVs were uncommon in
pcDNA vector treated control cultures (Fig 3a and c). In contrast, G2019S-LRRK2 treated
cultures exhibited increased AVs at various stages of maturation in somatic and neuritic
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compartments (Fig 3b and d). In accord with fluorescence studies of HA-tagged LRRK2,
protein aggregates were not readily observed in the electron micrographs.

RNA-interference knockdown of core autophagy proteins was performed to test the hypothesis
that autophagy plays an active role in neurite shortening associated with G2019S-LRRK2
expression. In contrast to the neurite shortening observed with G2019S-LRRK2 expression
following control siRNA treatment, knockdown of LC3/Atg8 expression using a previously
described siRNA sequence (Zhu et al. 2007) attenuated G2019S-LRRK2-induced neurite
shortening (Fig. 4a). Protection from G2019S-LRRK2-induced neurite shortening was also
observed with RNAi knockdown of Atg7, using either a commercially available siRNA
preparation (not illustrated) or a previously published siRNA sequence (Fig. 4c) (Yu et al.
2004). RNAi knockdown of Atg 7 or LC3 was confirmed by western blot analysis (Fig. 4b and
c, inset panels). Reversal of G2019S-LRRK2-induced neurite autophagy by RNAi knockdown
of Atg7 was established by monitoring GFP-LC3 puncta in Atg7 siRNA treated cells (Fig. 4d)
and by inhibition of the GFP-LC3 mobility shift on western blot (Fig. 4d, inset panel). Greater
than 90% siRNA transfection efficiency of cells, including cells over-expressing HA-tagged
2019S-LRRK2, was demonstrated using a fluorescent tagged short double-stranded RNA (Fig.
4e).

Several pharmacologic treatments were performed to gain insight into potential mechanisms
by which mutant LRRK2 induces autophagic stress in neurites. Co-treatment of differentiated
SH-SY5Y cells with rapamycin (2 μM) potentiated the increase in neuritic AVs and neuritic
shortening observed with over-expression of 2019S-LRRK2 (Fig. 5a). However, rapamycin
did not induce significant shortening in wild-type LRRK2 or vector transfected cells (Fig. 5a).
Co-treatment with 3-MA (5 mM) did not prevent mutant LRRK2 induced neurite shortening
(Fig. 5b). In contrast, co-treatment of 2019S-LRRK2 transfected cells with the MAPK/ERK
kinase (MEK) inhibitor U0126 (10 μM) attenuated the increase in neuritic AVs and
significantly reduced 2019S-LRRK2-induced neurite shortening (Fig. 5c).

Discussion
Expression of LRRK2 cDNAs bearing PD associated mutations results in shortening of neuritic
processes (Smith et al. 2005, 2006; Greggio et al. 2006; Macleod et al. 2006). Several disease-
associated mutations appear to confer enhanced kinase activity to LRRK2, suggesting that
increased phosphorylation of LRRK2 targets stimulates pathways leading to cell toxicity (West
et al. 2005, 2007; Smith et al. 2006; Guo et al. 2007; Jaleel et al. 2007; Lewis et al. 2007; Li
et al. 2007). Although activation of the apoptotic cascade has been suggested to contribute to
cell death (Smith et al. 2005, 2006; Macleod et al. 2006; Iaccarino et al. 2007), little is known
concerning mechanisms of neurite shortening.

Our studies indicate that autophagy plays an active role in mutant LRRK2-mediated neurite
shortening. As observed in cortical neurons (Macleod et al. 2006), expression of the PD-
associated G2019S mutation in LRRK2 resulted in shortened neuritic processes in RA-
differentiated SH-SY5Y cell cultures. Although cells were pre-differentiated with RA,
neuronal processes continue to extend in the time frame of the study; therefore it is not possible
to conclude whether this shortening results from neurite retraction, reduced extension, or a
combination of mechanisms. There was a concurrent increase in GFP-LC3 puncta or granules
within neuritic and somatic compartments in cells co-transfected with G2019S-LRRK2, which
were not observed in cells co-transfected with control vector or kinase dead K1906M-LRRK2.
Cells transfected with wild-type LRRK2 expression showed trends toward decreased neurite
length and increased AV numbers that were not statistically significant. Elevated somatic and
neuritic AV content in G2019S-LRRK2 transfected cells was also observed using transmission
electron microscopy. To determine whether autophagy plays an active role in neurite blunting,

Plowey et al. Page 5

J Neurochem. Author manuscript; available in PMC 2009 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



we utilized RNAi mediated knockdown of the essential autophagy proteins LC3/Atg8 and Atg7
(Ohsumi 2001). Inhibition of 2019S-LRRK2-induced AV induction by Atg protein
knockdown, which was confirmed by reduced GFP-LC3 puncta formation and attenuated GFP-
LC3 mobility shift (Chan et al. 2007), conferred protection from neurite retraction induced by
mutant LRRK2.

Leucine-rich repeat kinase 2 is expressed widely in the normal brain, with strong expression
in the substantia nigra, basal ganglia, cortex, hippocampus and cerebellum (Biskup et al.
2006; Higashi et al. 2007; Melrose et al. 2007). Interestingly, LRRK2 exhibits structural
homology to upstream kinases in MAPK pathways, and is associated with microtubules,
synaptic vesicles and organelle membranes (Biskup et al. 2006; Hatano et al. 2007), suggesting
a possible role in intracellular membrane trafficking. LRRK2 has a MAPKKK-like kinase
domain as well as a Roco G-protein domain (Ito et al. 2007). The disease-associated mutations
of residue 1441 in the GTPase domain cause decreased GTPase activity, which would be
predicted to prolong retention in an active conformation (Lewis et al. 2007; Li et al. 2007). G
proteins play important roles in both neurite extension and retraction (Koh 2006), and moesin,
a potential substrate of LRRK2, is implicated in neurite outgrowth (Jaleel et al. 2007). As the
net balance between protein synthesis/antero-grade transport and autophagic degradation/
retrograde transport plays a determining factor in axonal homeostasis (Hollenbeck 1993),
autophagy could represent another mechanism by which LRRK2 regulates neurite length.

Mitogen activated protein kinases can drive activation of autophagy in toxin-induced models
of Parkinsonian injury (Zhu et al. 2007). We previously found that autophagy plays a
significant role in the MPP+-model of Parkinsonian injury (Zhu et al. 2007). Inhibition of
MPP+-induced MAPK activation reduces autophagy and mitochondrial degradation despite
the persistence of toxin-induced mitochondrial damage, suggesting that MAPKs regulate
autophagy in this toxin model of PD (Zhu et al. 2007). Ultrastructural studies of human PD
brain tissues also reveal increased AVs (Anglade et al. 1997), some of which are associated
with activated ERK (Zhu et al. 2002, 2003). It is interesting that G2019S LRRK2, which shows
increased kinase activity mediated by a MAPKKK-like domain, also induces neurite
remodeling by activating autophagy, and this is accompanied by increases in phospho-ERK.
Further studies will be necessary to determine if involvement of MEK/ERK signaling is a direct
or indirect consequence of elevated LRRK2 activity.

Interestingly, while physiologic induction of autophagy as part of a starvation- or trophic factor
deprivation-response is regulated by class III phosphoinositide 3-kinase (PI3K) signaling,
autophagy and mitochondrial degradation induced in the MPP+ model are unaffected by PI3K
inhibitors such as 3-MA, but are regulated by MAPK signaling (Chu et al. 2007; Zhu et al.
2007). Interestingly, treatment with the MEK inhibitor U0126, but not 3-MA, reduced mutant
LRRK2-induced neurite autophagy and shortening. Taken together, the current and previously
published data (Zhu et al. 2003, 2007) suggest a common contribution of ERK-related
autophagy dysregulation in toxic and genetic models of Parkinsonian neurodegeneration.

Either insufficient or excessive/dysregulated autophagy can contribute to neurodegeneration
(Boland and Nixon 2006; Chu 2006), and robust autophagy induction can contribute to a state
of autophagic stress in susceptible cell types (Chu 2006). Consistent with this, the autophagy
inducing drug rapamycin further potentiates neurite shortening in 2019S-LRRK2 expressing
cells, but does not cause neurite shortening in vector transfected cells. It is unclear whether
this may reflect threshold differences, as increases in neuritic AV content induced by either
mutant LRRK2 or combined 2019S-LRRK2/rapamycin are greater than that observed with
rapamycin in control transfected cells. Alternatively, there may be fundamental differences in
pathways involved in autophagic degeneration induced by pathologic stimuli, as suggested by
differences in sensitivity to PI3K inhibitors. Finally, it is possible that neurite degeneration
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proceeds as a result of imbalances between the degree of autophagy induction and the ability
of the cell to degrade and regenerate new cellular constituents, and rapamycin does not cause
this type of autophagic stress in the absence of mutant LRRK2.

There are several potential mechanisms by which LRRK2 expression may affect AV formation,
trafficking and/or maturation. In addition to potential regulation of autophagy induction and
membrane trafficking through MAPKKK-like and G-protein related signaling (Dachsel et
al. 2007), mutant LRRK2 has been reported to associate with endolysosomal and mitochondrial
membranes (Biskup et al. 2006; Hatano et al. 2007), which may be related to regulation of the
lysosomal system or of mitochondrial distribution, another factor in neuritic remodeling
(Mattson 2007). Mutant LRRK2 may also affect microtubules indirectly by inducing tau
phosphorylation (Macleod et al. 2006), which would result in disruption of AV/lysosomal
fusion, impaired clearance of protein aggregates and toxicity (Boland and Nixon 2006). Thus,
it is possible that mutant LRRK2 can induce autophagic stress through effects on both
autophagy induction and maturation/fusion.

While basal autophagy is essential for neuronal and axonal maintenance (Hara et al. 2006;
Komatsu et al. 2007), dysregulated autophagy is increasingly implicated in models of neurite
pathology. Prominent AVs are observed in dystrophic neurites following exposure to
methamphetamine in VMAT2 deficient cells (Larsen et al. 2002), a model that causes neurite
degeneration in the absence of cell death. We have also noted neuritic AVs in SH-SY5Y cells
exposed to low-dose or short-duration MPP+ treatments [unpublished data, see also (Chu et
al. 2007)]. Axonal AVs represent a prominent feature of excitotoxic Purkinje neuron
degeneration in the Lurcher mouse (Wang et al. 2006), and have been observed in large
numbers in Alzheimer's disease (Nixon et al. 2005). However, as increased AV content can
represent both increased induction and decreased trafficking/degradation (Chu 2006), the
mechanism and role of neuritic AVs in these models is still unclear. Most recently, it has been
shown that autophagy actively mediates neurite retraction following nerve growth factor
withdrawal in superior cervical ganglion neurons in culture (Yang et al. 2007). The current
study of mutant LRRK2-mediated neurite shortening is the first to utilize molecular knockdown
of specific Atg proteins to demonstrate that autophagy can play an active role in neurite
degeneration in a genetic model of PD.

To summarize, AVs have been identified in vulnerable neurons of PD and related Lewy body
disease patients (Anglade et al. 1997; Zhu et al. 2003). In this study, we found that expression
of G2019S-LRRK2 in differentiated SH-SY5Y cells resulted in neuritic shortening
accompanied by up-regulation of neuritic and somatic AVs. MEK/ERK-related signaling
contributes to autophagy regulation downstream of mutant LRRK2, and rapamycin potentiates
LRRK2-mediated neurite shortening. RNAi knockdown of essential core autophagy proteins
prevented the AV increases elicited by G2019S-LRRK2 expression, conferring protection from
neurite shortening. These results indicate that autophagy plays an active role in neurite
remodeling mediated by mutant LRRK2 expression. Identification of a role for autophagy as
a mediator of LRRK2-induced alterations may provide further insights into both physiologic
and pathologic neurite remodeling in PD-relevant pathways of neurodegeneration.
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Abbreviations used
3-MA  

3-methyladenine

AV  
autophagic vacuole

ERK  
extracellular signal regulated kinase

GFP-LC3  
green fluorescent protein-tagged microtubule-associated protein Light Chain 3

HA  
hemaglutinin

LRRK2  
leucine-rich repeat kinase 2

MAPK  
mitogen activated protein kinase

MEK  
MAPK/ERK kinase

PD  
Parkinson's disease

PI3K  
phosphoinositide 3-kinase

RA  
retinoic acid

RNAi  
RNA interference
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siRNA  
small interfering RNA

U0126  
1,4-diamino-2,3-dicyano-1,4-bis[2-aminophenylthio]butadiene
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Fig. 1.
Expression of G2019S-leucine rich repeat kinase 2 (LRRK2)-hemaglutinin (HA) cDNA is
associated with blunted neuritic processes in differentiated SH-SY5Y cells. (a) Co-transfection
of EGFP-C1 vector and G2019S-LRRK2-HA in differentiated SH-SY5Y cells resulted in
diffuse cytosolic expression as analyzed by green fluorescent protein (GFP) fluorescence and
immunofluorescence to the HA-tag. The merged image demonstrates efficient co-transfection;
nuclei are either associated with expression of both plasmids or neither plasmid. Note the
absence of EGFP and LRRK2 aggregates or granules under these conditions. (b) Western blot
demonstrating expression of HA-tagged wild type and mutant LRRK2 proteins (280 kDa) in
SH-SY5Y cultures. (c) Representative merged EGFP (green) and LRRK2-HA (red) overlay
photos showing blunted neuritic processes with G2019S-LRRK2 expression. (d) Quantitative
data demonstrating shortened neuritic processes, but (l) preserved cell body dimensions in
G2019S-LRRK2 transfected cells. *p < 0.05 vs. vector control.
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Fig. 2.
G2019S-leucine rich repeat kinase 2 (LRRK2) expression is associated with increased
autophagic vacuoles (AVs) in both somatic and neuritic compartments. (a) Representative
photos of LC3 puncta and rings in the soma (upper row) and neurites (lower row) of
differentiated SH-SY5Y cells co-transfected with green enhanced fluorescent protein-tagged
microtubule-associated protein Light Chain 3 (GFP-LC3) and LRRK2 cDNAs or vector
control. Quantitative image analysis demonstrates increases in both the number of AVs and
the % cytoplasmic area occupied by AVs in somatic (b, c) and neuritic (d, e) compartments.
*p < 0.05 vs. vector control.
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Fig. 3.
Transmission electron micrographs demonstrating increased autophagic vacuoles (AVs) in
differentiated SH-SY5Y cells transfected with G2019S-leucine rich repeat kinase 2 (LRRK2).
Compared to vector-transfection (a and c), cultures transfected with G2019S-LRRK2 (b and
d) exhibit increases in both early (arrows) and late AVs (arrowheads) in somatic (a, b) and
neuritic (c, d) compartments. Earlier AVs were observed more frequently in neurites, while
predominantly late AVs accumulated in the soma.
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Fig. 4.
Inhibition of core autophagy machinery conferred protection from neurite blunting associated
with G2019S-leucine rich repeat kinase 2 (LRRK2). (a) Representative photos demonstrating
shorter neuritic processes in G2019S-LRRK2 transfected cells compared to vector transfected
cells and G2019S-LRRK2 transfected cells which have undergone RNA interference (RNAi)
knockdown of Light Chain 3 (LC3) or of Atg7. (b) Quantitative data demonstrate that LC3
RNAi conferred protection from G2019S-LRRK2 associated neurite shortening. Black bars
indicate cultures pre-treated with control small interfering RNA (siRNA) and grey bars indicate
cultures pre-treated with siRNA for LC3. (c) Quantitative data demonstrate that Atg7 RNAi
prevented G2019S-LRRK2 associated neurite shortening. Black bars indicate cultures pre-
treated with control siRNA and grey bars indicate cultures pre-treated with siRNA targeting
Atg7. Insets, (b) and (c): western blot demonstrating LC3 and Atg7 knockdown, respectively.
(d) Analysis of green fluorescent protein-tagged microtubule-associated protein Light Chain
3 (GFP-LC3) granules confirm that Atg7 RNAi effectively inhibited G2019S-LRRK2
mediated increases in neuritic autophagic vacuole (AV) content. Black bars indicate cultures
pre-treated with control siRNA and grey bars indicate cultures pre-treated with siRNA targeting
Atg7. Inset (d): western blot demonstrating GFP-LC3 mobility shift. Increases in lipidated
GFP-LC3-II was observed in 2019S-LRRK2 expressing cells in contrast to vector transfected
cells (left lanes). RNA interference knockdown of Atg7, which is necessary for LC3 lipidation,
blocked the conversion of GFP-LC3-I to GFP-LC3-II in 2019S-LRRK2 co-expressing cells.
(e) Representative figure of differentiated SH-SY5Y cells co-transfected with pmaxGFP
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(green) and 2019S-LRRK2 following pre-treatment with fluorescently-tagged siRNA (red).
Greater than 90% of all cells, including 93–96% of GFP/2019S-LRRK2 co-transfected cells,
demonstrated cytoplasmic siRNA. *p < 0.05 vs. vector control; **p < 0.05 vs. control siRNA.
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Fig. 5.
G2019S-leucine rich repeat kinase 2 (LRRK2) induced neuritic autophagy and neurite
shortening are potentiated with rapamycin treatment and attenuated with U0126 treatment. (a)
Quantitative data showing that 2 μM rapamycin increases neuritic autophagic vacuoles (AVs)
in Vector and 2019S-LRRK2 expressing cells (left panel) but exacerbates neuritic shortening
in 2019S-LRRK2 expressing cells only (right panel). (b) 3-Methyladenine (3-MA, 5 mM) did
not reduce 2019S-LRRK2 induced neurite autophagy (left panel) or neurite shortening (right
panel). (c) U0126 (10 μM) attenuated the 2019S-LRRK2 induced increase in neuritic AVs (left
panel) and reduced the degree of 2019S-LRRK2 induced neurite shortening (right panel) in
RA-differentiated SH-SY5Y cells. Inset (c): western blot demonstrating increased extracellular
signal regulated kinase (ERK) phosphorylation in undifferentiated SH-SY5Y cells expressing
2019S-LRRK2 in comparison to vector transfected and kinase dead LRRK2 expressing cells.
*p < 0.05 by ANOVA followed by t-test with Bonferroni correction.
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