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Neurobiology of Disease

Mutant LRRK2 Toxicity in Neurons Depends on LRRK2
Levels and Synuclein But Not Kinase Activity or Inclusion
Bodies

Gaia Skibinski,1 Ken Nakamura,1,2,4 Mark R. Cookson,5 and Steven Finkbeiner1,2,3,4

1Gladstone Institute of Neurological Disease, the Taube-Koret Center for Neurodegenerative Disease Research, and the Hellman Family Foundation
Program in Alzheimer’s Disease Research, San Francisco, California 94158, 2Departments of Neurology, 3Physiology, and 4Graduate Programs in
Neuroscience and Biomedical Sciences, University of California, San Francisco, California 94158, and 5Laboratory of Neurogenetics, National Institutes of
Health, Bethesda, Maryland 20892

By combining experimental neuron models and mathematical tools, we developed a “systems” approach to deconvolve cellular mecha-
nisms of neurodegeneration underlying the most common known cause of Parkinson’s disease (PD), mutations in leucine-rich repeat
kinase 2 (LRRK2). Neurons ectopically expressing mutant LRRK2 formed inclusion bodies (IBs), retracted neurites, accumulated sy-
nuclein, and died prematurely, recapitulating key features of PD. Degeneration was predicted from the levels of diffuse mutant LRRK2
that each neuron contained, but IB formation was neither necessary nor sufficient for death. Genetic or pharmacological blockade of its
kinase activity destabilized LRRK2 and lowered its levels enough to account for the moderate reduction in LRRK2 toxicity that ensued. By
contrast, targeting synuclein, including neurons made from PD patient-derived induced pluripotent cells, dramatically reduced LRRK2-
dependent neurodegeneration and LRRK2 levels. These findings suggest that LRRK2 levels are more important than kinase activity per
se in predicting toxicity and implicate synuclein as a major mediator of LRRK2-induced neurodegeneration.
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Introduction
Parkinson’s disease (PD) is a progressive neurodegenerative
disorder resulting in motor and cognitive dysfunction. No
disease-modifying treatment exists. Mutations in leucine-rich
repeat kinase 2 (LRRK2), the most common genetic cause of
PD (Paisán-Ruíz et al., 2004; Zimprich et al., 2004; Clark et al.,
2006), lead to a dominantly inherited phenotype that is similar
to idiopathic PD (Haugarvoll et al., 2008). The mechanisms of
mutant LRRK2-induced neurodegeneration are elusive. If
identified, they might point to novel therapeutic targets.

Increased kinase activity is a prevailing hypothesis for mutant
LRRK2-mediated toxicity. Of the known LRRK2 mutations that
cause PD, the G2019S mutation consistently enhances LRRK2
kinase activity, but whether this is a pathogenic mechanism com-
mon to all LRRK2 mutants is unclear (Greggio et al., 2006; West
et al., 2007). Alternatively, because the pathogenic mutations are
nonconservative, their harmful effects may be mediated by mis-
folded LRRK2. Misfolded proteins tend to accumulate and aggre-
gate within cells (Chiti and Dobson, 2006). In vitro, LRRK2
aggregates and forms inclusion bodies (IBs) that correlate with
mutant-LRRK2-induced toxicity and kinase activity (Greggio et
al., 2006; MacLeod et al., 2006). Although LRRK2 IBs are an
indicator of protein misfolding, their role and importance, if any,
in disease progression are unknown.

Misfolded proteins may cause toxicity by adopting toxic confor-
mations or by overloading the protein-homeostasis machinery
(Gidalevitz et al., 2006). Overexpressing the C-terminus of Hsp70
interacting protein or downregulating Hsp90, both of which interact
with LRRK2, reduce mutant LRRK2-induced toxicity in a kinase-
independent manner and are each associated with lower steady-state
levels of mutant LRRK2 (Wang et al., 2008; Ko et al., 2009). Changes
in LRRK2 levels correlate with changes in kinase activity, as genetic
and pharmacological manipulations that inhibit kinase activity re-
duce LRRK2 stability (Lin et al., 2009; Herzig et al., 2011). If LRRK2-
related toxicity depends on physiologic LRRK2 levels, toxicity might
therefore be better explained by changes in LRRK2 levels than by
kinase activity itself.
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Independent of kinase activity, the PD-associated protein
�-synuclein accumulates in cells with elevated LRRK2 levels (Lin
et al., 2009; Sanchez-Danes et al., 2012). PD patients with LRRK2
mutations often display synuclein pathology (Biskup and West,
2009), and symptoms occur earlier if specific genetic variants in
the synuclein gene (SNCA; Botta-Orfila et al., 2012) are present
along with LRRK2 mutations. However, whether �-synuclein is
required for LRRK2-mediated degeneration is unknown. Given
its role in disrupting protein-degradation pathways (Cuervo et
al., 2004; Alegre-Abarrategui et al., 2009; Gomez-Suaga et al.,
2011), �-synuclein might mediate LRRK2 toxicity by disrupting
protein homeostasis and changing LRRK2 levels.

Typically, “snap-shot” cellular approaches are used to identify
disease-associated events. However, often a cellular event is mea-
sured from populations of cells, masking the relationship be-
tween the event and cell death (e.g., does it improve or exacerbate
cell death). In contrast, following thousands of single cells
throughout the course of neurodegeneration enables both the
identification of disease-associated events and the determination
of their prognostic value for cell death. Using an imaging plat-
form, we longitudinally tracked primary neurons expressing
LRRK2 throughout their lives. LRRK2-associated parameters
(e.g., levels, IB formation, and kinase activity) were captured
within each neuron and linked to when the neuron died. Using
multivariate survival models, cell-to-cell variability was har-
nessed to establish quantitative and temporal relationships be-
tween LRRK2-related events and cell death. By combining
experimental and statistical models (Pastrana, 2012; Skibinski
and Finkbeiner, 2013), we established a basic cellular “systems”
model of LRRK2-mediated neurodegeneration that led to several
significant insights.

Materials and Methods
Plasmids. LRRK2 was derived from pAcGFP-LRRK2 (Greggio et al.,
2006; from Mark Cookson, NIH) and subcloned into pGW1-CMV (Brit-
ish Biotechnologies). Y1699C, G2019S, and D1994A were generated us-
ing Quikchange Site-Directed Mutagenesis Kit (Stratagene). Wild-type
and mutant LRRK2 were cloned into pGW1-CMV (Arrasate et al., 2004).
All constructs were verified by sequencing. In cotransfection experi-
ments with pGW1-Venus-LRRK2, we used pGW1-monomeric red flu-
orescent protein (mRFP) or pGW1-mApple as a survival marker. The
huntingtin (Htt) constructs (Htt586) with 17 or 136 polyglutamine re-
peats were cloned into pGW1-GFP from full-length Htt constructs
JM031 and JM032 (gift from Ray Truant McMaster University, ON Can-
ada). Knockdown of �-synuclein was achieved using MISSION Sigma-
Aldrich pLKO.1 constructs. To track Map2-expressing human cells,
mApple was cloned into a plasmid that put its expression under the
control of the human Map2 promoter (System Biosciences).

Cell culture and transfections. For Western blot analysis, HEK293 cells
were grown in DMEM medium containing 10% calf serum, 2 mM glu-
tamine, and penicillin/streptomycin (100 U ml �1/100 �g�ml �1). Pri-
mary rat cortical neurons were prepared from rat pup cortices at
embryonic days (E)20 –E21, cultured at 0.6 � 10 6 cells/ml. At 5 d in vitro
(DIV) neurons were transfected with plasmids by the calcium phosphate
method as described (Finkbeiner et al., 1997; Saudou et al., 1998) or by
Lipofectamine 2000. For survival analysis, neurons in 24- or 96-well
plates were cotransfected with pGW1-RFP and pGW1-Venus-LRRK2 at
a 1:12 molar ratio (0.5–1 �g of DNA per well). Postnatal (P) rat midbrain
cultures were prepared from the ventral mesencephalon of P0 –P1 rats
(Mena et al., 1997). For survival analysis, postnatal neurons (100,000/
well) in 96-well plates were transfected using Lipofectamine (0.8 �g of
DNA per well). To prepare cortical cultures from mice, cortices were
taken from E21 ���-synuclein triple knock-out (TKO) mice (Nakamura
et al., 2011) and wild-type littermates (Ctrl). For confocal analysis, cor-
tical and midbrain neurons were transfected and fixed 24 – 48 h post-
transfection. To assess the detergent-resistance of IBs, neurons were fixed

with 1% paraformaldehyde in PBS for 10 min at 37°C, rinsed twice with
PBS, and treated with 1–2.5% Triton X-100 and 1–2.5% SDS for 20 min
at 37°C (Kazantsev et al., 1999). Neurons were then rinsed with PBS and
imaged by fluorescence microscopy.

iPSC differentiation to DA neurons. Control-induced pluripotent cell
(iPSC) lines derived from PD patients harboring a homozygous G2019S
mutation (ND35367) were obtained from the NINDS iPSC repository at
Coriell Institute. Reprogramming and characterization of the control
iPSC line (normal female, 40-y-old; CRL-2524; ATCC) were as reported
(Park et al., 2008; Bilican et al., 2012). Neural stem cells (NSCs) were
generated from the control and PD iPSC lines, lifted off into suspension
and treated with dual SMAD inhibitors, SB431542 and LDN193189, for
2–3 d. NSCs were grown in suspension as spherical aggregates as reported
(HD iPSC Consortium, 2012). For DA neuron differentiation, NSCs
were cultured on PA6 stromal cells in serum-free insulin/transferring/
selenium medium with ascorbic acid (ITS � AA), as described (Park et
al., 2005). ITS � AA medium was supplemented with bFGF and purmor-
phamine. Cells were harvested from the PA6 cells and plated onto
fibronection/poly-L-ornithine (FN)-coated plates and cultured in ITS �
AA supplemented with bFGF, FGF8a, and purmorphamine. In the final
stage of precursor differentiation, cells were dissociated into single cells
using Accutase and plated onto FN-coated 96-well plates (0.1 � 10 6

cells/well). The cells were then cultured in neurobasal media, N2, B27,
ascorbic acid, BDNF, GDNF, and cAMP (adapted from Xi et al., 2012).
Terminally differentiated cultures were transfected with the mApple-
Map2 reporter.

Immunocytochemistry. Cortical and postnatal rat midbrain neurons and
human differentiated DA neurons were grown on 96-well plates or 12 mm
coverslips. Neurons were transfected at 4 DIV or 6–20 d into the final stage of
precursor differentiation. At 48 h post-transfection, immunocytochemistry
was performed as described (Saudou et al., 1998) and labeled with at least one
of the following, anti-tyrosine hydroxylase (1:1500, Pel-Freez), anti-MAP2
(1:200, Millipore), anti-LRRK2 antibody (1:2000, Novus Biologicals; or
1:100, Cell Signaling Technology), and anti-�-synuclein (1:500, BD Biosci-
ences). LRRK2 100–500, LRRK2 phospho (pS935), and LRRK2 phospho
(pS910) were provided by Dr. Dario Alessi (MRC-PPU, Dundee University,
Dundee Scotland) and purchased from Epitomics. Primary antibody stain-
ing was followed by secondary antibody with either, anti-rabbit Cy3 (1:500),
anti-mouse Cy5 (1:200), anti-rabbit Cy5 (1:200), or anti-mouse Cy5 (1:500;
Jackson Immunochemical).

Robotic microscope imaging system and image analysis. For neuronal
survival analysis, images of neurons were taken at 12–24 h intervals after
transfection with an automated imaging platform as described (Arrasate
et al., 2004; Arrasate and Finkbeiner, 2005; Daub et al., 2009). Measure-
ments of LRRK2 expression, IB formation, and neuron survival were
obtained from files generated with automated imaging. Digital images
were analyzed with MetaMorph, ImagePro, and original proprietary pro-
grams that were written in MATLAB or pipeline pilot. These custom-
based algorithms were then used to capture and analyze neurons in each
group in a high throughput and unbiased manner. Live transfected neu-
rons were selected for analysis based on fluorescence intensity and mor-
phology. Neurons were only selected if they had extended processes at the
start of the experiment. The abrupt loss of cotransfected mRFP was used
to estimate the survival time of the neuron (Arrasate et al., 2004). Data
from each experimental group were analyzed in an identical manner so
there was little need for blinding. The expression of Venus-tagged ver-
sions of LRRK2 was estimated by measuring Venus fluorescence intensity
over a region of interest that corresponded to the cell soma, using the
fluorescence of cotransfected mRFP as a morphology marker (Arrasate et
al., 2004). The Venus intensity values were background-subtracted by using
an adjacent area of the image. The fold difference in levels of overexpressed
Venus-LRRK2 to endogenous LRRK2 was determined by measuring LRRK2
(labeled with anti-rabbit Cy5 antibodies) staining intensity in Venus-
LRRK2- or Venus-transfected cells. Total neuronal process length and num-
ber were calculated from traces of neurons coexpressing mRFP and LRRK2.
Traces of neuronal processes were made with Fiji imaging software using the
simple neurite tracer plug-in.

Statistical analysis. With longitudinal single cell data collected by
tracking individual neurons over time, survival analysis was used to ac-
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curately determine differences in longevity between populations of cells
(Jager et al., 2008). For longitudinal survival analysis, the survival time of
a neuron was defined as the time point at which a cell was last seen alive.
Statview software was used to construct Kaplan–Meier curves from the
survival data. Survival functions were fitted to these curves and used to
derive cumulative hazard (or risk-of-death) curves that describe the in-
stantaneous risk-of-death for individual neurons in the cohort being
tracked. Differences in the cumulative risk-of-death curves were assessed
with the log rank test. We used Cox proportional hazards regression
analysis (Cox analysis) to generate hazard ratios that quantified the rel-
ative risk-of-death between two cohorts of neurons or the predictive
values of variables such as the presence of a PD-associated mutation,
changes in LRRK2 levels or IB formation on the risk-of-death (Miller et
al., 2010, 2011). As IB formation is a time-dependent variable, time-
dependent Cox analysis (Dekker et al., 2008) was used to measure the
contribution of IB formation to neuron death. The sign and size of the
coefficient of the cellular feature describe, respectively, its predictive re-
lationship to the fate of the cell and the magnitude of its effect. Hazard
ratios and their respective p values were generated using the coxph func-
tion in the survival package for R statistical software (Andersen and Gill,
1982). All Cox models were analyzed for violations of proportional haz-
ards and for outlier data points using cox.zph and dfbeta functions in R,
respectively. Images of cells that were out of the focal plan of Venus
fluorescence were excluded from analysis for IB formation (this was
�1–5% of cells under analysis). Selection of IB formation was based on
expression intensity of Venus-LRRK2 and localization. For risk of IB
formation, death can preclude IB formation making it a competing effect
of IB formation. To control for this, hazard ratios and p values for the
risk-of-IB formation were determined with a multivariate regression
analysis using the semiparametric proportional hazards model (Fine and
Gray, 1999), that incorporates the presence of competing risk events
(competing risk analysis). The analysis was performed using the crr pack-
age for R statistical software (Scrucca et al., 2010). The cumulative risk-
of-IB formation curves are the estimated cumulative subdistribution
hazard for IB formation and are derived from the competing risk regres-
sion model. Significance was derived from the competing risks propor-
tional hazard regression model.

Cox analysis was used to generate hazard ratios for the relative risk-of-
death of neurons expressing mutant LRRK2 or Venus compared with
wild-type LRRK2 or Ctrl. In Table 1, time-dependent Cox analysis was
used to determine the predictive nature of IB formation on risk-of-death.
Time of IB formation was included as a time-dependent covariate,
whereas Venus-LRRK2 fluorescence was included as a baseline covariate
in the regression model. Violations of proportional hazards by cox.zph
were accommodated by including a time-interaction term for IB forma-
tion as a covariate, which measures how the effect of IB formation on
risk-of-death varies with time. In Table 2, hazard ratios for the relative
risk-of-IB formation were determined with a multivariate regression
analysis using the semiparametric proportional hazards model (Fine and
Gray, 1999) that incorporates the presence of competing risk events. The
analysis was performed using the crr package for R statistical software
(Scrucca et al., 2010). Covariates in the regression model included

Venus-LRRK2 fluorescence. In several models, the date of the experi-
ment was included as a stratification variable. Any models that included
date as a nominal covariate gave comparable results. Simple linear regres-
sion was used to correlate Venus-LRRK2 expression and LRRK2 staining.
To compare differences across two groups, the groups were statistically
compared using an unpaired t test or a Mann–Whitney test. To compare
differences across groups, for example when comparing average LRRK2
levels or neurite length, groups were statistically compared using one-
way ANOVA for repeated measures and Fisher’s PLSD post hoc tests.
Levels of endogenous �-synuclein in cohorts were determined by nor-
malizing against �-synuclein levels in a cohort of neurons expressing
only Venus or Ctrl. To compare non-normal data across multiple
groups, the Kruskal–Wallis test was used.

Western blot analysis. In experiments to confirm expression of full-length
LRRK2, HEK293 cells were transiently transfected with pGW1-Venus,
pGW1-Venus-wild-type-LRRK2, pGW1-Venus-Y1699C-LRRK2, or
pGW1-Venus-G2019S LRRK2. In experiments looking at the influence of
mutations within the kinase domain, HEK293 cells were transfected with
pGW1-Venus-D1994A-LRRK2 constructs with or without PD-associated
mutations. In experiments that confirmed that Venus-LRRK2 constructs
were kinase active, HEK293 cells were transiently transfected with wild-
type or mutant pGW1-Venus-LRRK2 or pGW1-LRRK2. At 24 h post-
transfection, cells were harvested.

In experiments that confirmed that the kinase inhibitor LRRK2-IN1
was active, HEK293 cells were transiently transfected with pGW1-Venus-
LRRK2 G2019S. At 24 h post-transfection, cells transfected with pGW1-
Venus-G2019S were treated with DMSO or 1 �M LRRK2-IN1 (kindly
provided by Dr. Dario Alessi, MRC-PPU, Dundee University, Dundee
Scotland) and harvested 2 h later. In all experiments, lysates were pre-
pared using RIPA buffer (50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 0.5%
deoxycholate, 1% NP-40 and 0.1% SDS) with protease inhibitors
(Roche). Western analysis was carried by loading equal amounts of pro-
tein per treatment condition, determined by Bradford assay (Bio-Rad).
The samples were electrophoresed through a 4 –12% gradient Bis-Tris gel
(NuPage) and transferred to PVDF (Thermo Scientific). After Western
blotting, membranes were blocked with 5% nonfat milk and subse-
quently incubated in rabbit polyclonal antibody to LRRK2 (1:1000, over-
night at 4°C; Cell Signaling Technology), anti-GFP (1:50,000, 30 min at
37°C; Abcam), �-actin, (1:20000, for 1 h at RT, Sigma-Aldirch), rabbit
monoclonal anti-LRRK2 (100-500), anti-LRRK2 P-ser935 or anti-
LRRK2 P-ser910 (all 1:20,000, overnight at 4°C, were kindly provided by
Dr. Dario Alessi and Epitomics). Immunoreactivity was measured by
probing with horseradish peroxidase-conjugated anti-rabbit (1:5000,
Jackson ImmunoResearch Laboratory) and anti-mouse IgG (1:5000, Cal-
biochem) followed by exposure to ECL detection reagents (PerkinElmer).

Results
Mutant LRRK2 in primary neurons recapitulates features
of PD
We developed a neuronal model that recapitulates key features of
PD and the progression of LRRK2-induced degeneration in indi-
vidual neurons. To visualize cells expressing LRRK2 in real time,
we generated a Venus-tagged full-length LRRK2 construct
(Venus-LRRK2; Fig. 1 A, B). By immunocytochemistry (Fig.
1B), Venus fluorescence levels correlated significantly with
LRRK2 levels in Venus-LRRK2-expressing neurons (Fig. 1C)
but not in neurons expressing only Venus (Fig. 1D). Primary
neurons had fivefold more transfected LRRK2 than endoge-
nous LRRK2 (Fig. 1E).

Neuronal processes degenerate early in PD (Li et al., 2009). To
determine whether LRRK2-expressing neurons display this PD
phenotype, we examined two mutations: the most common PD-
associated mutation, G2019S (Kay et al., 2006) and Y1699C.
G2019S, Y1699C, or wild-type Venus-LRRK2 constructs were
cotransfected into primary cortical neurons with mRFP. As re-
ported in vivo (MacLeod et al., 2006), G2019S or Y1699C-LRRK2
expression led to shorter total neurite lengths in neurons than

Table 1. Cox proportional hazards analysis of the effects of expression level and IB
formation of LRRK2 on neuronal survival

Group LRRK2 related variable HR 95% CI p value

Wild-type LRRK2
(n � 279)

IB formation 0.73 (0.332–1.62) n.s.
IB formation: time 1.01 (1.003–1.02) 0.0065
Venus-LRRK2 fluorescence (a.u.) 2.75 (1.637– 4.63) 0.0001

G2019S LRRK2
(n � 305)

IB formation 0.39 (0.142–1.09) n.s.
IB formation: time 1.01 (1.001–1.03) 0.03
Venus-LRRK2 fluorescence (a.u.) 4.03 (1.549 –10.48) 0.0043

Y1699C LRRK2
(n � 116)

IB formation 0.48 (0.163–1.40) n.s.
IB formation: time 1.01 (0.997–1.03) n.s.
Venus-LRRK2 fluorescence (a.u.) 5.75 (2.439 –13.57) �0.0001

Venus (n � 182) Venus fluorescence (a.u.) 1 (1.0 –1.0) n.s.

CI, Confidence interval; IB, inclusion body; n, number of neurons; a.u., arbitrary unit; n.s., not significant;
p � 0.05.
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wild-type Venus-LRRK2 or Venus alone. Wild-type Venus-
LRRK2 expression was associated with shorter neurite lengths
than Venus alone (Fig. 1F,G).

To determine whether mutant LRRK2 recapitulates cortical
and midbrain degeneration, primary neurons were transfected
with Venus-LRRK2 and mRFP. Approximately 24 h after trans-
fection, automated imaging (Arrasate et al., 2004) was used to
collect consecutive images of fluorescent neurons. Using this ap-
proach hundreds of neurons, expressing Venus LRRK2 and
mRFP were tracked individually every 12–24 h for 7 d (Fig. 1H).
The mRFP signal was used to track the cell’s morphology
throughout its lifetime. Abrupt loss of signal corresponded to a
loss of membrane integrity, and the neuron’s death was recorded
at that time (Fig. 1H). Time-of-death data from hundreds of
neurons were then analyzed in a Kaplan–Meier survival model.
In cortical neurons expressing Venus or wild-type Venus-LRRK2
alone, the cumulative risk-of-death was minimal. However, neu-
rons expressing G2019S or Y1699C had a significantly greater
risk-of-death and were 50% more likely to die than controls (Fig.
1I; hazard ratio (HR) 1.5; p � 0.0001; 95% CI 1.3–1.8 for G2019S
and 1.3–1.9 for Y1699C). In postnatally derived ventral midbrain
neurons cotransfected with Venus-LRRK2 constructs and mRFP,
midbrain neurons expressing Y1699C or G2019S had a signifi-
cantly higher risk-of-death than wild-type-LRRK2-expressing
neurons (Fig. 1J; HR 1.3; p � 0.0007; 95% CI 1.1–1.5 for G2019S
and HR1.3; p � 0.0009; 95% CI 1.3–1.9 for Y1699C). However,
compared with cortical neurons, ventral midbrain neurons were
more susceptible to death after transfection with wild-type
Venus-LRRK2 than Venus alone (Venus ctrl compared with
wild-type Venus-LRRK2; HR 1.0; p � not significant (n.s.); 95%
CI 0.9 –1.2 for cortical neurons and HR 0.8; p � 0.004; 95% CI
0.67– 0.93 for midbrain neurons). To determine whether TH-
positive neurons were dying specifically from LRRK2 expression,
we compared the percentage of TH-positive neurons in LRRK2-
transfected midbrain neurons at 24 and 168 h post-transfection
(Fig. 1K,L). Neurons expressing wild-type LRRK2 had similar
percentages of TH-positive neurons at both times, indicating that
TH-positive neurons expressing LRRK2 were dying, but at a rate
similar to TH-negative neurons (Fig. 1L). Neurons expressing
mutant G2019S LRRK2 trended toward a lower percentage of
TH-positive neurons at 168 h post-transfection (Fig. 1L), sug-
gesting that TH-positive neurons might be more vulnerable to
mutant G2019S LRRK2.

IB formation is not required for mutant LRRK2-induced
toxicity
PD-associated mutations in LRRK2 lead to misfolding and IB
formation (Smith et al., 2005; MacLeod et al., 2006; Higashi et al.,

2007), common features of PD. However, the importance of
LRRK2 IB formation in PD pathogenesis is unknown. In primary
neurons, Venus-LRRK2 is diffusely distributed in the cytosol and
excluded from the nucleus, as reported (West et al., 2005; Fig.
2A). Yet, in a subset of neurons, wild-type, mutant Y1699C, or
G2019S LRRK2 formed heterogeneous intracellular IBs that were
insoluble in 1% SDS/Triton X-100. Venus expressed alone was
solubilized by SDS (Fig. 2A,B). Immunocytochemistry failed to
observe any colocalization of LRRK2 inclusions with �-synuclein
(data not shown). We then used our longitudinal imaging plat-
form to track LRRK2-Venus IB formation in real time (Fig. 2C).
As death can preclude IB formation, to correctly estimate the
risk-of-IB formation, death must be treated as a competing effect.
Neurons expressing Y1699C Venus-LRRK2 were at greater risk of
IB formation than neurons transfected with wild-type or G2019S
Venus-LRRK2 (Fig. 2D). The relative increase in IB formation in
Y1699C-expressing neurons was not due to different LRRK2 lev-
els, as the expression of Venus-LRRK2 before IB formation was
similar for both G2019S and Y1699C (Fig. 2E). In other models of
neurodegeneration, the intracellular level of a disease protein
predicts IB formation (Arrasate et al., 2004; Barmada et al., 2010).
To determine whether this is true for LRRK2, Venus-LRRK2 lev-
els were measured in neurons 24 h after transfection and before
IB formation. Neurons were split into cohorts based on whether
and when an IB formed. Neurons that developed IBs earlier
started with significantly higher LRRK2 levels than those that
formed IBs later or not at all (Fig. 2F).

To determine whether LRRK2 IB formation was necessary for
LRRK2-mediated toxicity, we identified neurons that formed in-
clusions at 36 – 48 h and compared their mean time to death to
neurons with similar LRRK2 levels (Fig. 2G) but that did not
form an IB at 36 – 48 h. If IB formation is necessary for toxicity,
neurons with IBs should die earlier than those without. However,
we found no difference in mean time to death in neurons with or
without IBs (Fig. 2H), even though the levels of LRRK2 were the
same in both groups.

Time-dependent Cox proportional hazard (CPH) analysis
was used to assess whether LRRK2 IBs contribute to toxicity, act
as a cellular coping response or are an incidental event during the
disease progression. CPH analysis is predominantly used in clin-
ical studies to determine the relationship between an explanatory
variable(s), such as IBs, and a specified endpoint (e.g., cell death;
Fleming and Lin, 2000). One advantage of CPH analysis is the
ability to control potentially confounding effects by including the
potentially confounding effect (e.g., LRRK2 level) as another ex-
planatory variable simultaneously in the CPH model. A second
advantage is that all neurons can be included in the CPH analysis,

Table 2. Cox proportional hazards analysis of the effects of kinase activity and �-synuclein on LRRK2-mediated, toxicity, or IB formation before and after adjustment for
Venus-LRRK2 levels

Group Risk HR 95% CI p value

Adjusted for Venus-LRRK2 levels

HR 95% CI p value

G2019S D1994A (n � 283) vs G2019S (n � 181) Death 0.752 (0.59 – 0.95) 0.018 0.863 (0.66 –1.12) 0.275
IB formation 0.521 (0.23–1.17) 0.11 1.35 (0.45– 4.07) 0.59

Y1699C D1994A (n � 260) vs Y1699C (n � 354) Death 0.807 (0.66 – 0.99) 0.044 0.895 (0.69 –1.17) 0.409
IB formation 0.360 (0.2– 0.753) 0.007 0.529 (0.25–1.11) 0.093

G2019S/0.05uM LRRK2-IN1 (n � 292) vs G2019S/vehicle (n � 295) Death 0.874 (0.7–1.09) 0.24 0.926 (0.74 –1.16) 0.508
G2019S/0.1uM LRRK2-IN1 (n � 345) vs G2019S/vehicle (n � 295) Death 0.785 (0.63– 0.98) 0.04 0.856 (0.68 –1.08) 0.182
G2019S/0.5uM LRRK2-IN1 (n � 321) vs G2019S/vehicle (n � 295) Death 0.738 (0.57– 0.96) 0.023 0.835 (0.64 –1.09) 0.180
G2019S/sh_�-SYN (n � 160) vs G2019S/sh_scr (n � 185) Death 0.757 (0.59 – 0.97) 0.028 0.792 (0.6 –1.02) 0.07
Y1699C/sh_�-SYN (n � 147) vs Y1699C/sh_scr (n � 93) Death 0.716 (0.51– 0.98) 0.042 0.738 (0.53–1.02) 0.07

CI, Confidence interval; n, number of neurons.
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Figure 1. A neuron model that recapitulates key features of PD, including neurite degeneration and cell loss. A, Representative Western blots of transfected HEK293 cell lysates show expression
of full-length Venus-tagged LRRK2 blotted with antibodies raised against LRRK2 or GFP (recognizes Venus). �-Actin was blotted as a loading control. B, Confocal images of neurons overexpressing
wild-type Venus-LRRK2 and stained with LRRK2 antibody. Cells were fixed 48 h post-transfection at 7 DIV. C, Linear regression analysis showing that single-neuron levels of diffuse wild-type
Venus-LRRK2 fluorescence correlate with measurements taken by immunocytochemistry with a LRRK2 antibody. More than 150 neurons, two experiments combined, linear regression analysis, p �
0.0001, r 2 �0.6. D, Linear regression analysis of fluorescence measurements from neurons expressing Venus alone. There is no correlation with LRRK2 immunofluorescence. More than 150 neurons,
two experiments combined, linear regression analysis, p � n.s. and r 2 � 2.731e�6. E, Histogram showing that neurons transfected with wild-type Venus-LRRK2 have LRRK2 levels approximately
fivefold greater than neurons expressing just Venus based on measurements taken by immunocytochemistry with a LRRK2 antibody (�50 neurons). F, Representative (Figure legend continues.)
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regardless of their LRRK2 level or if/when they formed an IB,
which increases the power and sensitivity of the analysis.

To determine the role of IBs during LRRK2-mediated tox-
icity in the CPH model, we included both the LRRK2 level and
if/when an IB forms in each neuron. We found that, in neu-
rons expressing mutant or wild-type LRRK2, IBs did not sig-
nificantly enhance or reduce mutant LRRK2-induced toxicity
(Table 1), suggesting that IB formation is an incidental event
during neurodegeneration.

Diffuse LRRK2 has a dose-dependent toxic effect in neurons
In other neurodegenerative diseases, intracellular toxic species
occur outside IBs (Arrasate et al., 2004; Barmada et al., 2010). To
determine whether diffuse forms of mutant LRRK2 are responsi-
ble for neurodegeneration, we measured Venus-LRRK2 levels in
live neurons at 20 –24 h post-transfection. Cohorts that expressed
low, medium or high levels of Venus-LRRK2 were followed pro-
spectively (Fig. 3A,B). Neurons with high levels of mutant
LRRK2 died at a greater rate than those with low levels (Fig.
3C,D). Wild-type LRRK2 also exhibited dose-dependent toxicity,
which is consistent with the discovery of wild-type LRRK2 as a
risk locus for PD (Satake et al., 2009; Fig. 3E). No relationship was
noted between control Venus expression levels and survival, in-
dicating that these effects were specific to LRRK2 (Fig. 3F,G). To
validate that LRRK2 levels were proportional to cell death and
ensure no user bias in selecting terciles of expression, all cells were
included simultaneously into a Cox analysis. This independent
and complementary approach, demonstrated that the level of
LRRK2 expressed in the cell was proportional to the cell’s risk of
death. No relationship was found in cells expressing Venus alone
(Table 1). The average levels of Venus-LRRK2 were similar in
populations of cells expressing mutant or wild-type LRRK2 (Fig.
2E), suggesting elevated steady-state mutant LRRK2 levels can-
not explain mutant-LRRK2-induced toxicity.

Kinase-inactivating mutations modify toxicity by reducing
LRRK2 levels
LRRK2 mutations are thought to provide a toxic gain of function
to LRRK2 that includes, at least for G2019S, increased kinase

activity. To test this, neurons were transfected with versions of
wild-type, G2019S, and Y1699C LRRK2 with the D1994A muta-
tion, which blocks kinase activity (Lee et al., 2010; Fig. 4A,B).
Automated imaging was used to track individually transfected
neurons, and their time of death was recorded. As reported
(Greggio et al., 2006; Smith et al., 2006; Lee et al., 2010), blocking
kinase activity modestly but significantly reduced Y1699C or
G2019S toxicity (Fig. 4C–E). However, when we measured
Venus-LRRK2 levels within individual neurons, mutations
within the kinase domain also led to reduced steady-state levels of
LRRK2 (Fig. 4F). If LRRK2 levels and kinase activity correlate
with mutant-LRRK2-induced toxicity, but mutations inhibiting
kinase activity reduce LRRK2 levels, which is the primary cause of
mutant LRRK2-induced toxicity?

To dissect out the independent contributions of kinase activ-
ity and levels over the course of LRRK2-mediated neurodegen-
eration, cohorts of neurons expressing either kinase-active or
dead constructs were matched for similar LRRK2 levels. When
LRRK2 levels were matched, cells expressing kinase dead con-
structs no longer showed a reduction in toxicity (Fig. 4G–I). In a
complementary approach that avoids any confound of excluding
low or high-expressing LRRK2 neurons, all neurons were incor-
porated into a multivariate Cox model. By simultaneously incor-
porating LRRK2 level and kinase activity into the model, we
could determine their independent contributions to neuron
death. Before incorporating LRRK2 levels into the Cox model,
kinase-dead versions reduce neuronal toxicity; however, once
LRRK2 levels were incorporated into the model, any difference in
toxicity disappeared (Table 2). Thus, the reduction in LRRK2
levels fully accounted for the improvement in survival that re-
sulted from the disruption of LRRK2 kinase activity.

As reported (Greggio et al., 2006; Kett et al., 2012), blocking
kinase activity significantly reduced the risk-of-IB formation in
neurons expressing Y1699C-LRRK2 but not in G2019S-LRRK2-
expressing neurons (Fig. 4J). As LRRK2 levels influence IB for-
mation (Fig. 2F) and are modulated by kinase activity (Fig. 4F),
the reduction in IB formation for Y1699C-LRRK2 could be due
to changes in LRRK2 levels or kinase activity. Before adjusting for
LRRK2 levels, blocking kinase activity reduced the risk-of-IB for-
mation in neurons expressing Y1699C-LRRK2. When we con-
trolled for LRRK2 levels, blocking kinase activity had no effect
(Table 2).

Pharmacologically inhibiting LRRK2 kinase activity
modulates LRRK2 stability and localization
To exclude any confounding effects of kinase-inactivating muta-
tions, we tested whether LRRK2 kinase activity is required for
mutant LRRK2-induced toxicity with acute pharmacological in-
hibition. LRRK2-IN1, one of the most selective and potent
known LRRK2 kinase inhibitors, dephosphorylates LRRK2 at
Ser910 and Ser935 by an unknown regulatory feedback loop
(Deng et al., 2011). By Western blot analysis in HEK293 cells (Fig.
5A–C) and by immunocytochemistry in neurons (Fig. 5D), we
found that treating G2019S Venus-LRRK2-expressing cells with
LRRK2-IN1 dephosphorylated Ser910 and Ser935 in a dose-
dependent manner. As LRRK2-IN1 concentrations �1 �M were
toxic (data not shown), lower doses (0.05, 0.1, or 0.5 �M) were
tested. In cells transfected with G2019S LRRK2, LRRK2-IN1 re-
duced G2019S-LRRK2-induced toxicity (Fig. 5E; Table 2).

As reported for LRRK2 kinase inhibitors (Herzig et al., 2011),
increasing LRRK2-IN1 concentrations decreased the steady-state
levels of G2019S LRRK2 (Fig. 5F). Because LRRK2 concentration
is proportional to cell death (Fig. 3C–E), Cox analysis was used to

4

(Figure legend continued.) traces (purple lines) of neuronal processes from images of neurons
cotransfected with Venus or mutant Venus-LRRK2 and mRFP. Venus-only transfected neurons
were used as controls (Ctrl). At 48 h post-transfection, mRFP images were used to trace and
quantify the total number and lengths of neuronal processes. G, Average total neurite length
was significantly lower in neurons transfected with the PD-associated LRRK2 mutants than in
neurons expressing wild-type Venus-LRRK2 or Venus alone. Neurons expressing wild-type
LRRK2 also had shorter neurites than Venus-expressing neurons. More than 65 neurons in each
group, two experiments combined, one-way ANOVA with Fisher’s PLSD post hoc tests, **p �
0.001, *p � 0.05; F � 13.2. Error bars are 95% confidence intervals. H, Longitudinal imaging of
two neurons expressing mRFP and wild-type Venus-LRRK2. The top neuron remains alive
throughout the imaging period. The bottom neuron underwent neurite degeneration at 72 h
(arrowhead) and then died by 120 h (arrow). Neurons were 5 DIV at initiation of tracking. Scale
bars, 10 �m. I, J, Primary cortical (I) or postnatally derived midbrain (J) neurons expressing
LRRK2 mutants G2019S and Y1699C have a significantly greater cumulative risk-of-death than
neurons expressing wild-type LRRK2. Neurons per group specified in brackets on the figures,
�3 experiments combined, log rank test, **p � 0.001, ***p � 0.0001. K, Representative
images of midbrain neurons transfected with wild-type Venus-LRRK2 and stained with TH 48 h
later. Neurons are 5– 6 DIV at time of transfection. Scale bar, 10 �m. L, Histogram showing the
percentage of LRRK2-expressing neurons that are TH-positive at 24 or 168 h post-transfection.
Neurons expressing mutant LRRK2 G2019S trended toward a lower percentage of TH-positive
neurons at 7 d. The number of neurons in each group ranged from 65 to 184, three independent
experiments combined, one-way ANOVA with Fisher’s PLSD post hoc tests; p � 0.173, F �
1.805. Error bars are 95% confidence intervals.
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Figure 2. IB formation depends on the PD-associated LRRK2 mutation and LRRK2 levels, but is not required for LRRK2-dependent cell death. A, Confocal images of primary cortical neurons
overexpressing wild-type Venus-LRRK2 show diffuse cytosolic LRRK2 expression. Expression of PD-associated mutants G2019S or Y1699C LRRK2 leads to the formation of heterogeneous cytosolic
IBs (arrowheads). Neurons were fixed at 48 h post-transfection at 7 DIV. Scale bars, 10 �m. B, Detergent-resistance assay shows that IBs were resistant to treatment with 1% SDS/1% Triton X-100.
Scale bar, 10 �m. C, Longitudinal imaging of a neuron expressing mRFP and mutant Y1699C Venus-LRRK2, undergoing IB formation (arrow). Neurons were 5 DIV at initiation of tracking. Scale bars,
10 �m. D, Cumulative risk-of-IB formation is greater in neurons expressing Y1699C Venus-LRRK2 than those expressing wild-type Venus-LRRK2 or G2019S Venus-LRRK2. More than 110 neurons per
group, �3 experiments combined, using a semiparametric proportional hazards model, that incorporates the presence of competing risk events, ***p � 0.0001. E, Neurons expressing wild-type,
G2019S, or Y1699C Venus-LRRK2 had similar Venus-LRRK2 levels. Number of neurons for Y1699C � 121, G2019S � 308, and wild-type � 283, three experiments combined, Fisher’s PLSD post hoc
tests, not significant (ns). Error bars are 95% confidence intervals. F, Neurons that did not form IBs had significantly lower LRRK2 levels than neurons that formed LRRK2 IBs by 35, 48, or after 48 h.
More than 32 neurons in each group, three experiments combined, one-way ANOVA with Fisher’s PLSD post hoc tests, *p � 0.01, ***p � 0.0001; F � 36.71. Error bars are 95% confidence intervals.
G, Venus-LRRK2 levels are matched in cohorts of neurons expressing G2019S and Y1699C Venus-LRRK2. H, In neurons expressing G2019S or Y1699C Venus-LRRK2, the average time-to-death in
neurons that form an IB at 36 – 48 h is similar to the average time-of-death in neurons without an IB. More than 40 neurons per group, three experiments combined, one-way ANOVA with Fisher’s
PLSD post hoc tests. Error bars are 95% confidence intervals.
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test the contribution of LRRK2 steady-state levels in reducing
G2019S-induced toxicity mediated by LRRK2-IN1 exposure. Be-
fore adjusting for LRRK2 levels, LRRK2-IN1 reduced mutant
LRRK2-induced toxicity, but not after LRRK2 levels were con-
trolled (Table 2). In the case of Y1699C, increasing LRRK2-IN1
concentrations did not reduce toxicity and only trended toward
reducing LRRK2 levels (Fig. 5G,H), again supporting the impor-
tance of LRRK2 concentration in predicting neuron death.

As reported (Dzamko et al., 2010; Deng et al., 2011), increasing
LRRK2-IN1 concentrations caused increased LRRK2 IB formation
for G2019S and Y1699C LRRK2 (Fig. 5I,J). In the case of G2019S
LRRK2, the redistribution of LRRK2 from a diffuse form into IBs
after LRRK2-IN1 application associated with a lowering of diffuse
LRRK2 levels and a reduction in LRRK2-mediated toxicity. These
results suggest that the redistribution of LRRK2 into IBs might be a
viable coping response for the cell to deal with diffuse LRRK2.
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Figure 3. Higher levels of venus-LRRK2 are more toxic. A, Representative images of primary neurons expressing different levels of G2019S Venus-LRRK2. In each neuron, a quantitative measure
of LRRK2 is made using the Venus-LRRK2 fluorescence. Scale bar, 10 �m. B, Average levels of Venus-LRRK2 after neurons were split into separate cohorts expressing low, medium, or high LRRK2
levels. Error bars are 95% confidence intervals. C–E, Neurons expressing higher levels of Y1699C Venus-LRRK2, G2019S Venus-LRRK2, or wild-type Venus-LRRK2 have a greater cumulative
risk-of-death than neurons expressing lower levels. Number of neurons for Y1699C�157, G2019S�345 neurons, and wild-type�400 neurons, �3 experiments combined, log rank test, ***p�
0.0001. F, Cohorts of neurons expressing low, medium, and high levels of Venus. Error bars are 95% confidence intervals. G, In neurons expressing higher, medium, or low levels of Venus there is no
difference in the cumulative risk-of-death. Number of neurons, �180, �3 experiments, log-rank test.
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By genetic and pharmacological ap-
proaches, LRRK2 levels, kinase activity
and IB formation are interrelated vari-
ables. The ability to incorporate kinase ac-
tivity and LRRK2 levels simultaneously
into our model enabled us to show that
changes in toxicity and IB formation are
better explained by effects on LRRK2 levels
than kinase activity per se.

Removing endogenous synuclein
alleviates mutant LRRK2-induced
toxicity
We then turned our attention to another
feature of PD-associated toxicity: �-synuclein
accumulation (Lin et al., 2009), a cause of
PD (Singleton et al., 2003; Satake et al., 2009;
Nakamura et al., 2011) that correlates with
neuronal deficits in the substantia nigra
(SN; Kovacs et al., 2008) and is toxic in a
dose-dependent manner (Nakamura et al.,
2011). Indeed, expression of G2019S- or
Y1699C-LRRK2 significantly increased en-
dogenous cytoplasmic �-synuclein levels
(Fig. 6A,B) as reported (Lin et al., 2009;
Sanchez-Danes et al., 2012), suggesting that
mutant-LRRK2-induced toxicity may re-
quire �-synuclein.

Given the functional redundancy of �-,
�-, and �-synuclein (Chandra et al., 2004;
Anwar et al., 2011), we began investigating a
role of synuclein in LRRK2-mediated toxic-
ity by transfecting Venus-LRRK2 into pri-
mary cortical neurons from ���-synuclein
TKO and wild-type matched Ctrl mice (Na-
kamura et al., 2011). In contrast to Ctrl neu-
rons, toxicity induced by overexpressing
G2019S and Y1699C LRRK2 was reduced in
TKO neurons (Fig. 6C; HR 0.634; p �
0.0001, CI 0.519–0.774 for G2019S and HR
0.506; p � 0.0001; CI 0.407–0.630 for
Y1699C). Toxicity from wild-type Venus-
LRRK2 was also reduced in TKO neurons
(Fig. 6D). However, TKO or Ctrl neurons
transfected with control Venus showed no
difference in baseline survival. Further-
more, removing endogenous synuclein did
not protect neurons from toxicity induced
by mutant huntingtin expression, another
toxic aggregation-prone protein, suggesting
that the benefits of synuclein loss are specific
to LRRK2 (Fig. 6E).

Next, we investigated whether remov-
ing �-synuclein alone was sufficient to
reduce mutant LRRK2 toxicity. ShRNA-
mediated knockdown of �-synuclein, con-
firmed by immunohistochemistry (Fig. 6F),
was used to reduce �-synuclein levels in rat
neurons transfected with LRRK2. Longitudinal imaging revealed
that reduction of �-synuclein alone reduced mutant-LRRK2-
mediated toxicity (Fig. 6G; HR 0.747; p � 0.001, CI 0.627–0.889 for
G2019S and HR 0.699; p � 0.0001; CI 0.587–0.833).

LRRK2 patient-derived human neurons display
�-synuclein-dependent toxicity
To confirm the physiological relevance of our findings, neurons
were differentiated from G2019S-LRRK2 PD patient-derived and
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Figure 4. Kinase-inactivating mutations reduce mutant LRRK2-induced toxicity by reducing LRRK2 levels. A, Representative
Western blots of lysates from HEK293 cells transfected with wild-type, G2019S, or Y1699C Venus-LRRK2 constructs with or without
the D1994A mutation and immunoblotted for the detection of LRRK2 phosphorylation at Ser910 (top) and Ser935 (middle), and
total LRRK2 (pan LRRK2, bottom). B, Quantification of phosphorylated LRRK2 at Ser910 normalized to total pan LRRK2. Three
independent experiments combined, Mann–Whitney test, wild-type versus wild-type D1994A (S910 ***p � 0.0495; Z � 1.964),
G2019S vs G2019S D1994A (S910 ***p � 0.0495, Z � 1.964), Y1699C versus Y1699C D1994A (S910 p � 0.8273; Z � 0.218). Error
bars indicate the SD. C, D, Before controlling for LRRK2 levels, cumulative risk-of-death curves show that the D1994A mutation led
to a significant reduction in toxicity in neurons expressing the mutant G2019S and Y1699C Venus-LRRK2; number of neurons for
G2019S � 181, G2019S D1994A � 283, Y1699C � 354, and Y1699C D1994A � 260, three experiments combined, log rank test,
*p�0.01. E, Graph showing no significant difference in the survival of neurons expressing wild-type Venus-LRRK2 with or without
the D1994A mutation. Number of neurons for wild-type � 392 and wild-type D1994A � 277, three experiments combined, log
rank test. F, Average expression levels of LRRK2 constructs with or without the D1994A mutation in primary neurons. Number of
neurons as in C, D, three experiments combined, one-way ANOVA with Fisher’s PLSD post hoc tests, ***p � 0.0001; F � 22.91.
Error bars are 95% confidence intervals. G, Neurons expressing mutant Y1699C or G2019S Venus-LRRK2 with or without the
D1994A mutation were matched for LRRK2 levels. Number of neurons for G2019S � 170, G2019S D1994A � 138, Y1699C � 297,
and Y1699C D1994A � 166, three experiments combined. H, I, After matching for LRRK2 levels, cumulative risk-of-death curves
show neurons expressing Y1699C and G2019S with or without D1994A exhibit no significant difference in toxicity. Number of
neurons as in G, three experiments combined, log rank test. J, Before controlling for LRRK2 levels, cumulative risk-of-IB formation
curves show that the D1994A mutation significantly reduces the risk-of-IB formation of mutant Y1699C, but not mutant G2019S.
Number of neurons for G2019S and G2019S D1994A (449) and for Y1699C and Y1699C D1994A (565), three experiments combined,
using a semiparametric proportional hazards model that incorporates the presence of competing risk events, ***p � 0.0001.
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iPSCs, where LRRK2 expression is under the control of its endog-
enous promoter. Differentiated cells were fixed and stained for
microtubule-associated protein 2 (MAP2), TH, and DAPI (Fig.
7A). The percentage of neurons in the culture was calculated as
the percentage of cells with MAP2 and DAPI overlap (Fig. 7B).
The percentage of dopaminergic neurons was calculated as the

percentage of MAP2-positive cells with
both MAP2 and TH staining (Fig. 7C).
In parallel, differentiated cells transfected
with a mApple-Map2 fluorescent reporter
were imaged and followed for at least 7 d
(Fig. 7D). Tracked cells displayed neuro-
nal features, including at least two pro-
jecting processes. In parallel, separate
cultures were fixed, and 30 – 40% of these
morphologically similar cells stained pos-
itive for TH (data not shown). Human
cells harboring the G2019S mutation had
a higher cumulative risk-of-death than
control cells for G2019S without the ap-
plication of exogenous stressors (Fig. 7E;
HR 1.4; p � 0.018; 95% CI 1.1–1.9). To
determine whether the neurons that we
were tracking were TH-positive neurons
and that they were specifically dying, we
compared the percentage of transfected
neurons that were TH-positive at 24 and
168 h post-transfection. In human cells
harboring the G2019S mutation and con-
trol cells, there was a trend toward a lower
percentage of TH-positive neurons at
168 h post-transfection (Fig. 7F), indicat-
ing that TH neurons were indeed dying
and potentially at a faster rate than TH-
negative neurons.

In addition to recapitulating mutant-
LRRK2-induced cell loss, DA neurons de-
rived from G2019S iPSCs accumulated
more �-synuclein than control neurons
(Fig. 7G,H). As in primary rodent neu-
rons, removal of �-synuclein reduced tox-
icity in iPSC-derived neurons with the
G2019S LRRK2 mutation (Fig. 7I; HR
0.676; p � 0.03; 95% CI 0.5– 0.96).
�-Synuclein knockdown did not affect
survival in an independent control line
(Fig. 7I; HR 1; p � 0.83; 95% CI 0.7–1.5).

Removal of endogenous synuclein
reduces levels of diffuse mutant LRRK2
In rodent and human cells, synuclein is
required for LRRK2-mediated toxicity. As
�-synuclein accumulation disrupts pro-
teostasis and its removal enhances it
(Cuervo et al., 2004; Fornai et al., 2005),
synuclein might mechanistically mediate
mutant LRRK2 toxicity by modulating
LRRK2 levels. In TKO neurons overex-
pressing LRRK2, mutant and wild-type
LRRK2 levels were lower than in Ctrl neu-
rons (Fig. 8A,B). Removing synuclein was
specific to LRRK2: there was no difference
in Venus levels in neurons expressing only

Venus (Fig. 8C). Knocking down �-synuclein in rat neurons over-
expressing mutant LRRK2 was also associated with a reduction in
mutant LRRK2 levels (Fig. 8D), indicating that the removal of
�-synuclein alone was sufficient to modulate LRRK2 levels. We were
unable to detect an effect of knockdown of �-synuclein caused on
endogenous levels of LRRK2 (Fig. 8E).
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Figure 5. Pharmacological inhibition of LRRK2 kinase activity reduces LRRK2 toxicity by modulating IB formation and LRRK2
levels. A, Western blot of HEK293 cell lysates transfected with G2019S Venus-LRRK2, treated with DMSO or increasing concentra-
tions of LRRK2-IN1 for 2 h, and extracted for immunoblotting to detect LRRK2 phosphorylation at Ser910 (top) and Ser935
(middle), and total LRRK2 (bottom). B, C, Western blot analysis was used to take measurements of LRRK2 phosphorylation at
Ser910 and Ser935 normalized against total LRRK2. Three experiments combined, Mann–Whitney test, 0 �M versus 0.05 �M

(S910 and S935 p � 0.0495; Z � 1.964), 0 �M versus 0.1 �M (S910 and S935 p � 0.0495; Z � 1.964), 0 �M versus 0.5 �M (S910
and S935 p � 0.025; Z � 2.236). Error bars indicate SD of the mean. D, Immunocytochemistry measurements of LRRK2 phos-
phorylation at Ser935 normalized against total LRRK2, from individual rat cortical neurons overexpressing G2019S Venus-LRRK2.
More than 30 neurons per group, one-way ANOVA with Fisher’s PLSD post hoc tests, *p � 0.01, ***p � 0.0001; F � 14.579. Error
bars indicate 95% confidence intervals. E, Application of increasing concentrations of LRRK2-IN-1 trends towards a reduction in the
cumulative risk-of-death of neurons expressing mutant G2019S LRRK2. Number of neurons for vehicle � 295, 0.05 �M � 292, 0.1
�M � 345 and 0.5 �M � 321, three experiments combined, log rank test, **p � 0.01. F, G, Average Venus-LRRK2 levels
measured in neurons with and without LRRK2-IN1 treatment. F, Increasing doses of LRRK2-IN1 caused a dose-dependent reduc-
tion in G2019S-Venus-LRRK2 levels and G, no significant difference was found with Y1699C Venus-LRRK2. Number of neurons
same as E, H, three experiments combined, one-way ANOVA with Fisher’s PLSD post hoc tests, G2019S (*p � 0.05, **p � 0.01;
F � 4.659) and Y1699C (not significant (ns); F � 1.256). Error bars are 95% confidence intervals. H, Application of increasing
concentrations of LRRK2-IN1 caused no difference in risk of death for mutant Y1699C-expressing neurons. Number of neurons for
vehicle � 274, 0.05 �M � 222, 0.1 �M � 238, and 0.5 �M � 231, three experiments combined, log rank test, *p � 0.05. I, J, Bar
graphs showing the percentage of cells with diffuse mutant G2019S or Y1699C LRRK2 expression (d), an IB (ib) or that do not have
a clearly defined IB, but show signs of an IB precursor (d/ib) at 24 h post-transfection. Increasing concentrations of LRRK2-IN
increase the percentage of neurons with IBs for both mutants. Number of neurons is same as above in E, H, three experiments
combined, Kruskal–Wallis test, G2019S (*p � 0.042, H � 8.231) and Y1699C (*p � 0.038, H � 8.426).
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Figure 6. Synuclein is required for mutant LRRK2-induced toxicity. A, Representative images of primary cortical neurons transfected with Venus, wild-type, or mutant Venus-LRRK2, fixed 24 h
later and stained with �-synuclein. Neurons are 7 DIV. Scale bar, 10 �m. B, Average levels of endogenous �-synuclein (determined by anti-�-synuclein immunocytochemistry) in cortical neurons
transfected with wild-type, Y1699C, or G2019S Venus-LRRK2. Values are normalized relative to �-synuclein levels in neurons expressing a Venus control. More than 100 neurons per group, four
experiments combined, one-way ANOVA with Fisher’s PLSD post hoc tests, *p � 0.05, ***p � 0.0001; F � 7.707. Error bars are 95% confidence intervals. C, Cumulative risk-of-death curves show
that TKO neurons expressing Y1699C or G2019S had significantly lower toxicity than Ctrl neurons. More than 245 neurons per group, three experiments combined, log rank test, ***p � 0.0001. D,
Cumulative risk-of-death curves show that TKO neurons expressing wild-type Venus-LRRK2 had significantly lower toxicity than Ctrl neurons. Ctrl and TKO neurons transfected with Venus control
had no difference in survival. More than 180 neurons per group, three experiments combined, log rank test, **p � 0.001. E, Ctrl and TKO neurons transfected with mutant Htt 586-Q136-GFP show
no difference in toxicity in Ctrl or TKO neurons. More than 120 neurons per group, two experiments combined, log rank test, *p � 0.01, ***p � 0.0001. F, Quantification of shRNA knockdown of
endogenous �-synuclein levels. Primary rat cortical neurons were transfected with shRNA against �-synuclein or shRNA scrambled control. Forty-eight hours after transfection cells were fixed and
stained with �-synuclein. Neurons were 7 DIV when fixed. More than 34 neurons per group, two experiments combined, unpaired t test, **p � 0.001; t � 3.688. Error bars are 95% confidence
intervals. G, Cumulative risk-of-death curves show that in rodent neurons knockdown of �-synuclein by transfection of shRNA constructs (a-syn-shRNA) significantly reduce mutant LRRK2 toxicity,
compared with neurons transfected with scrambled shRNA (scr-shRNA). More than 150 neurons per group, three experiments combined, log rank test, ***p � 0.0001.
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As removing �-synuclein reduces toxicity and levels of
LRRK2, and given LRRK2 levels’ role as a powerful predictor of
neuron death (Figs. 3–5), the benefit of removal might be ex-
plained by �-synuclein’s effect on LRRK2 levels. Before control-
ling for LRRK2 levels, cells overexpressing mutant LRRK2 with
knockdown of �-synuclein had lower toxicity. However, once
LRRK2 levels were controlled for, there was no difference in tox-
icity between cells with or without �-synuclein (Table 2). By
controlling for LRRK2 levels, we show that �-synuclein is re-
quired for LRRK2-induced toxicity and its effect is mediated by
modulating LRRK2 levels.

Discussion
Our basic cellular systems model of PD led
to several novel and significant findings
about the role of LRRK2-related events dur-
ing neurodegeneration. Using an imaging
platform that longitudinally tracks primary
neurons throughout their lifetime, we es-
tablished rodent and human primary neu-
ron models of LRRK2 that recapitulate
features of PD-associated LRRK2 neurode-
generation, including neurite retraction,
�-synuclein accumulation, and mutant
LRRK2-induced neuron loss. In contrast to
previous studies (Byers et al., 2011; Nguyen
et al., 2011; Liu et al., 2012; Reinhardt et al.,
2013), in our human PD model, we dem-
onstrated neuronal loss without an exog-
enous cell stressor. Cellular features
associated with LRRK2-mediated toxicity,
including LRRK2 levels, IB formation,
and kinase activity, were tracked and
linked to cell fate. Using statistical survival
tools, we built a predictive, quantitative
model of LRRK2 that measured the roles
and importance of these cellular features
during neurodegeneration, independently
of each other.

The cellular concentrations of diffuse
mutant and wild-type LRRK2 strongly
predicted cell death. Past studies relied on
Western blotting to measure LRRK2 lev-
els, which were often performed in cell
lines that are substantially different from
neurons (LePage et al., 2005; Tsvetkov et
al., 2010). Furthermore, given LRRK2’s
ubiquitous expression and linkage to a
subset of diseases (Franke et al., 2010), its
function and metabolism may be cell-
type-specific. Finally, measuring protein
levels by population-based assays lacks
single-cell resolution. Cell-to-cell varia-
tion in the LRRK2 dose is treated as a tech-
nical rather than biological variation,
reducing sensitivity to detect phenotypes
(e.g., cell death) across cell populations. In
contrast, we measured the LRRK2 dose in
each neuron and related it to that cell’s
fate, harnessing cell-to-cell variability to
enhance the sensitivity and power to re-
solve dose–response relationships.

Measuring LRRK2 levels to predict cell
death was critical for investigating the role of

LRRK2 kinase activity during neurodegeneration. Genetic and phar-
macologic blockade of kinase activity reduced mutant LRRK2 tox-
icity and LRRK2 levels. However, unlike previous studies (Greggio et
al., 2006; Lin et al., 2009; Lee et al., 2010; Herzig et al., 2011), our
systems biology approach enabled us to measure the independent
contributions of LRRK2 levels and kinase activity during cell death,
even though they are intertwined and a change in one affects the
other. Critically, we show that disrupting kinase activity reduced
mutant LRRK2 toxicity by affecting LRRK2 levels rather than kinase
activity per se.
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Figure 7. LRRK2 patient-derived neurons display �-synuclein-dependent toxicity. A, Representative images from immunocy-
tochemistry of neurons differentiated from iPSCs from a control individual, costained with TH, MAP2, and DAPI. Scale bar, 20 �m.
B, The percentage of neurons in the culture was calculated as the percentage of cells with MAP2 and DAPI overlap. C, The
percentage of dopaminergic neurons was calculated as the percentage of MAP2-positive cells with colocalization of both MAP2 and
TH staining. D, Longitudinal tracking of single neurons differentiated from iPSCs and transfected with a mApple-Map2 fluorescent
reporter. The time of death is captured for each neuron that is followed. The cell indicated with a red arrowhead dies by 160 h.
Degeneration of neurites was observed at 120 h and complete soma loss observed at 160 h. In contrast the neuron indicated by the
green arrowhead, lives throughout the length of the experiment. Scale bar, 20 �m. E, Neurons derived from patients harboring the
LRRK2 mutation G2019S had a greater risk-of-death than controls. Cells per group specified in brackets on the figure, four exper-
iments combined, log rank test, *p � 0.05. F, Histogram showing the percentage of mApple-transfected neurons that are
TH-positive at 24 or 168 h post-transfection. TH-positive neurons expressing mutant LRRK2 G2019S trended toward a lower
percentage of TH-positive neurons at 6 d. Approximately 30 – 40 neurons in each group, two independent experiments combined,
one-way ANOVA with Fisher’s PLSD post hoc tests, p�0.246; F�1.563. Error bars are 95% confidence intervals. G, Representative
images of TH-positive neurons derived from G2019S LRRK2 and control iPSCs indicate elevated endogenous �-synuclein staining
in G2019S LRRK2 patient cells. Scale bar, 10 �m. H, Average levels of endogenous �-synuclein (determined by anti-�-synuclein
immunocytochemistry) in TH-positive neurons are significantly higher in neurons differentiated from G2019S LRRK2 iPSCs com-
pared with control iPSCs. Values are normalized relative to �-synuclein levels in control TH neurons. More than 100 neurons per
group, three experiments combined, unpaired t test, *p � 0.01; t � 2.692. Error bars are 95% confidence intervals. I, Reducing
�-synuclein levels in neurons derived from patients harboring the LRRK2 mutation G2019S caused a significant reduction in
risk-of-death compared with those with a scrambled control shRNA. Reducing �-synuclein levels in neurons derived from unaf-
fected individuals showed no significant difference in survival compared with those with a scrambled control shRNA. Brackets
indicate cells per group, two experiments combined, log rank test, *p � 0.05.
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We also found neurons with higher
LRRK2 levels have a greater propensity to
form IBs. However, when LRRK2-IN1
was used to inhibit LRRK2 kinase activity,
IB formation increased, and LRRK2 levels
decreased. LRRK2-IN1 disrupts the bind-
ing of LRRK2 to 14-3-3 protein isoforms
by dephosphorylating Ser910 and Ser935
leading to increased LRRK2 aggregation
(Deng et al., 2011). Reducing the 14-3-3-
LRRK2 interaction destabilizes the LRRK2
structure (Nichols et al., 2010), promoting
sequestration of diffuse LRRK2 into IBs and
reducing diffuse LRRK2 levels elsewhere in
the cell. Unlike G2019S, LRRK2-IN1 did
not reduce Y1699C-mediated toxicity. As
the Y1699C mutation itself impairs the
binding of LRRK2 to 14-3-3 (Nichols et al.,
2010) and has a greater propensity to form
IBs, LRRK2-IN1 causes a smaller increase in
IB formation than the G2019S mutant, lead-
ing to lower reductions in LRRK2 levels. Al-
though LRRK2 levels were a stronger
predictor of toxicity for both mutants, the
distinct differences of the mutants for IB
formation and 14-3-3 binding indicate
mechanistic differences between the PD-
associated mutants that may be relevant for
therapeutic development.

In the absence of LRRK2-IN1, LRRK2
IBs neither promoted nor retarded mutant LRRK2 toxicity. This
may be due to their inefficiency in reducing toxic diffuse LRRK2
levels elsewhere in the cell. In other neurodegenerative disorders,
IBs are well formed and help sequester the diffuse toxic species
into IBs, so that the IBs act as a coping response (Arrasate et al.,
2004). Therefore, in addition to therapeutics that clear LRRK2,
ones that help promote more efficient sequestration of toxic dif-
fuse mutant LRRK2 into more compact IBs may be a viable ther-
apeutic strategy against LRRK2-mediated toxicity.

Elevated levels of mutant LRRK2 also caused the accumu-
lation of the PD-associated protein �-synuclein. We found
removing endogenous synuclein significantly reduced mutant
LRRK2-induced toxicity and suggested a reciprocal link between
�-synuclein and LRRK2 in PD-related neurodegeneration. To
demonstrate that these key observations were due specifically to
the PD-associated mutations in LRRK2, complementary experi-
ments were performed in human dopaminergic neurons with the
endogenous LRRK2 G2019S mutation and in murine neurons
with ectopic expression of mutant LRRK2. In murine neurons,
the genetic background was identical in neurons expressing wild-
type or mutant LRRK2, so that any increased risk of death could
be attributed to the PD-causing mutation in LRRK2. Similarly,
the reduction of LRRK2 G2019S-induced neurodegeneration by
synuclein knockdown in human dopaminergic neurons was sup-
ported with an analogous murine experiment in which the genetic
background was fully controlled. Furthermore, the knockdown of
�-synuclein in human dopaminergic neurons with the LRRK2
G2019S mutation only rescued survival back to levels of the control
line, and had no effect on survival of the control line, consistent with
the idea that the increased risk of death in the LRRK2 G2019S line is
a LRRK2 mutation-dependent effect.

How the removal of �-synuclein facilitates LRRK2-induced
neurodegeneration is unclear. Evidence from LRRK2 and sy-

nuclein knock-out models indicates that these two proteins have
at least some normal functions that are independent of each
other, at least in some cell types. For example, �-synuclein KO
mice display cognitive impairments (Kokhan et al., 2012) and
subtle evidence of abnormalities in neurotransmission (Abeliov-
ich et al., 2000; Cabin et al., 2002), whereas LRRK2 knock-out
mice showed neither dopaminergic degeneration nor alterations
in dopamine dynamics (Andres-Mateos et al., 2009; Hinkle et al.,
2012; Tong et al., 2012) but display age-dependent alterations in
autophagic activity in the kidneys. In addition, we observed no
detectable change in endogenous LRRK2 levels with knockdown
of �-synuclein.

However, this does not go against the possibility that during
neurodegeneration, triggered by PD causing mutations in
LRRK2, the actions of LRRK2 become critically linked to
�-synuclein, at least in neurons. For example, even though
�-synuclein knock-out mice are resistant to MPTP-induced tox-
icity (Dauer et al., 2002) and LRRK2 KO mice show no response
to this toxin (Andres-Mateos et al., 2009), LRRK2 and MPTP
might act on independent pathways to cause neurodegeneration
but both require synuclein.

In the disease state, �-synuclein could mediate LRRK2-
mediated toxicity by modulating LRRK2 levels, which are toxic in
a dose-dependent manner (Fig. 3). Without �-synuclein, mutant
LRRK2 levels were significantly lower. Because �-synuclein dis-
rupts protein homeostasis pathways (Snyder et al., 2003; Cuervo
et al., 2004; Fornai et al., 2005) and removing �-synuclein bol-
sters them (Fornai et al., 2005), synuclein might hinder degrada-
tion and handling of mutant LRRK2, thereby leading to LRRK2’s
accumulation and toxicity. However, the change in LRRK2-
mediated toxicity before and after controlling for LRRK2 levels in
the absence of �-synuclein, although significant, was small. The
lowering of LRRK2 levels is likely one of multiple contributing
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Figure 8. Loss of �-synuclein reduces LRRK2 levels. A, Venus-LRRK2 levels of the Y1699C and G2019S LRRK2 mutants were
significantly lower in TKO neurons than in Ctrl mouse neurons. Number of neurons for G2019S � 204, G2019S TKO � 251,
Y1699C � 160, Y1699C TKO � 194, three experiments combined, one-way ANOVA with Fisher’s PLSD post hoc tests, **p � 0.01,
***p � 0.0001; F � 8.674. Error bars are 95% confidence intervals. B, Histogram showing quantification of Venus-LRRK2
fluorescence in Ctrl and TKO neurons cotransfected with wild-type Venus-LRRK2. TKO neurons had significantly lower levels of
Venus-LRRK2 as measured by Venus fluorescence. More than 271 neurons per group, three experiments combined, unpaired t test,
**p � 0.002, t � 3.179. Error bars are 95% confidence intervals. C, In Ctrl and TKO neurons cotransfected with Venus, levels of
Venus were unchanged. More than 188 neurons per group, three experiments combined, unpaired t test, p � 0.11, t � 1.6. Error
bars are 95% confidence intervals. D, Venus-LRRK2 levels were also significantly lower in rat neurons with knockdown of endog-
enous �-synuclein (sh_aSYN) versus scrambled shRNA (sh_scr). Number of neurons G2019S/sh_scr � 185, G2019S/sh_aSYN �
160, Y1699C/sh_scr � 93, Y1699C/sh_aSYN � 147, two experiments combined, one-way ANOVA with Fisher’s PLSD post hoc
tests, *p � 0.05; F � 3.841. Error bars are 95% confidence intervals. E, Endogenous LRRK2 levels were unchanged in rat neurons
with knockdown of endogenous �-synuclein (sh_aSYN) versus those with scrambled shRNA (sh_scr). Number of neurons
sh_aSYN � 189, sh_scr � 180, three experiments combined, one-way ANOVA, p � 0.153; F � 2.056. Error bars are 95%
confidence intervals.
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mechanisms by which synuclein removal protects neurons from
LRRK2 toxicity. As �-synuclein is toxic in a dose-dependent
manner (Singleton et al., 2003; Nakamura et al., 2011), LRRK2-
mediated toxicity may directly result from �-synuclein build-up.
However, the increase in �-synuclein by LRRK2 is probably in-
sufficient to fully explain the toxicity of mutant LRRK2.

Alternatively, mutant LRRK2 and �-synuclein might lead to
neurodegeneration, via a synergistic mechanism. The presence of
genetic variants within the 3�UTR of SNCA that increase
�-synuclein levels in the SN (Fuchs et al., 2008) cause an earlier
onset of PD in patients harboring LRRK2 mutations (Botta-
Orfila et al., 2012). A synergistic relationship between these two
key PD-associated proteins may explain the variable penetrance
of LRRK2 mutations (Healy et al., 2008) and why synuclein pa-
thology is common in LRRK2 patients (Biskup and West, 2009).

With �-synuclein’s role in protein homeostasis disruption
(Snyder et al., 2003; Cuervo et al., 2004; Fornai et al., 2005) and as
LRRK2 itself modulates �-synuclein degradation (Orenstein et
al., 2013) and �-synuclein-mediated toxicity (Lin et al., 2009), a
synergistic relationship between LRRK2 and �-synuclein may
converge on dysfunction of protein homeostasis within cells. The
accumulation of misfolded proteins causes proteome instability
(Gupta et al., 2011), resulting in global cellular consequences.
This might explain the widespread cellular dysfunction in vesicular
trafficking, neurotransmitter release, cytoskeletal dynamics, protein
degradation (Greggio et al., 2011), and mitochondrial dynamics
(Nakamura et al., 2011; Wang et al., 2012), observed independently
in �-synuclein and LRRK2-associated neurodegeneration.

As the cellular environment may be important for LRRK2’s phys-
iological role (Lewis and Manzoni, 2012), cell-type specificity may
contribute critically to the interplay between these proteins. In the
hindbrain, LRRK2 modulated �-synuclein neuropathology (Lin et
al., 2009), but it was not required for �-synuclein-mediated degen-
eration (Daher et al., 2012). Understanding how and where the func-
tional pathways of LRRK2 and �-synuclein converge will provide
greater insight into the common mechanisms underlying neurode-
generation in PD.

References
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