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Abstract
Leucine-rich repeat kinase 2 (LRRK2) is a recently identified gene that, when mutated at specific
locations, results in the onset of parkinsonian symptoms with clinical features indistinguishable from
idiopathic Parkinson’s disease. Based on structural and domain analysis, LRRK2 is predicted to
function as a stress responsive protein scaffold mediating the regulation of mitogen activating protein
kinase (MAPK) pathways. Consistent to this notion, our results supported the notion that expression
of wild-type LRRK2 but not Y1699C or G2019S mutants enhanced the tolerance of HEK293 and
SH-SY5Y cells towards H2O2-induced oxidative stress. This increase in stress tolerance was
dependent on the presence of the kinase domain of the LRRK2 gene and manifested through the
activation of the ERK pathway. Collectively, our results indicated that cells expressing LRRK2
mutants suffer a loss of protection normally derived from wild-type LRRK2, making them more
vulnerable to oxidative stress.

Introduction
Leucine-rich repeat kinase 2 (LRRK2), a member of the ROCO protein family, is a recently
identified gene whose mutants have been linked to the onset of parkinsonian symptoms
(Haugarvoll and Wszolek, 2006; Klein and Schlossmacher, 2006; Olanow, 2007; Whaley et
al., 2006). Sequence domain analysis of this gene has revealed that the 285 kDa protein for
which it encodes comprises ROC, COR, kinase, and WD40 domains, in that order, with the
ROC domain beginning after the first 1000 amino acids (Jain et al., 2005; West et al., 2005).
The ROC domain, with its GDP/GTP binding motif has been shown to be capable of altering
the kinase activity of LRRK1, a paralog of LRRK2 (Korr et al., 2006). To date, the impact of
these mutations on wild-type LRRK2 is yet unclear.

Expression of LRRK2 mutant genes, such as Y1699C and R1441C, result in a loss of basal
cell viability in SHSY5Y cells (Greggio et al., 2006; West et al., 2005) demonstrating their
innate toxicity. Since G2019S and I2020T mutants show higher kinase activities than wild-
type LRRK2, it has been speculated that alteration of kinase activity is involved in the
manifestation of parkinsonian symptoms caused by LRRK2 mutations (Bialecka et al., 2005;
Tomiyama et al., 2006; West et al., 2005). However, further investigation showed that different
LRRK2 mutants have different inherent kinase activity based on an auto-phosphorylation
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assay. Indeed, some mutants have lower kinase activity than the wild-type counterpart. For
example, it has been shown that the Y1699C mutant has lower kinase activity than wild-type
LRRK2 and yet has the highest propensity to elicit the formation of protein aggregates (Greggio
et al., 2006). Therefore, it is uncertain whether changes in kinase activities among the LRRK2
mutants contribute to the cause of pathology.

Phylogenetic analysis of the LRRK2 kinase domain has revealed sequence similarity to the
receptor interaction protein (RIP) protein family as well as mixed lineage kinases (Meylan and
Tschopp, 2005; Xu et al., 2001), raising the possibility of parallel functions among these
kinases. In fact, Meylan and Tschopp (2005) have termed LRRK1 and LRRK2 as RIP6 and
RIP7 respectively. Both of these kinase families participate in the signaling events in response
to cellular stresses caused by various stimuli (Gloeckner et al., 2006). Therefore, it is likely
that LRRK2 wild-type gene product is also involved in stress-induced signaling events leading
to cell death.

In this study, our main objective was to investigate whether LRRK2 is involved in a stress-
induced signaling cascade mediating cell death and, if so, to identify differential responses
derived from LRRK2 wild-type, Y1699C and G2019S mutant genes in these events. Our results
suggest that expression of LRRK2 wild-type or Y1699C mutant genes in HEK293 cells
suppressed basal levels of activated ERK but not JNK, independent of its kinase domain.
Moreover, the presence of LRRK2 wild-type gene product but not Y1699C or G2019S mutant
gene product conferred protection against H2O2-induced cell death through activation of the
ERK pathway mediated by its kinase domain in HEK293 and SH-SY5Y cells. Therefore, based
on our results, this multi-functional domain LRRK2 gene is able to effect the activation of the
ERK pathway.

Materials and methods
Materials

The LRRK2 wild-type, Y1699C, and G2019S mutant genes fused with GFP on their C-terminal
in pCDNA3.1 expression vector were a kind gift from Dr. Matthew Farrer of the Neurogenetics
Laboratories, Mayo Clinic Jacksonville. All the chemicals were obtained from Fisher Scientific
(Pittsburgh, PA, USA) and all the inhibitors were obtained from BIOMOL (Plymouth Meeting,
PA, USA) unless otherwise stated.

Cell culture
HEK293 cells (ATCC, Manassas, VA, USA) were maintained in DMEM media supplemented
with 10% fetal bovine serum (Hyclone, Logan, UT, USA). SH-SY5Y cells, a kind gift from
Dr. James P. Bennett Jr, University of Virginia were maintained in DMEM media
supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA). The cells were plated
in various configurations at 80% confluence before undergoing transfection. The transfection
process was performed before treatments with either inhibitors or H2O2.

Transfections
Transfection of various constructs into HEK293 cells were performed using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer’s instructions. In
brief, cells were seeded in various configurations to yield 80% confluency. In the case of
HEK293 cells, cell densities were 20,000 cells per well of a 96-well plate and 1 ×106 cells per
well of a 6 cm plate. As for SH-SY5Y cells, cell densities were 100,000 cells per well of a 96-
well plate and 5×106 cells per well of a 6 cm plates. After optimization, we found that the
optimal DNA/lipofectamine ratio for HEK293 cells and SH-SY5Y cells were 1:3 and 1:2
respectively. To instigate transfection, conditioned medium was first replaced with Opti-I
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media (Invitrogen, Carlsbad, CA, USA). Then, the correct amounts of DNA and Lipofectamine
2000 reagent were added to Opti-I medium and incubated at room temperature for 5 min. After
a further incubation at room temperature for 15 min, the DNA-lipofectamine complex was
added drop-wise evenly throughout the area with cells. Then, the cells were incubated at 37°
C for 4 h before the medium was changed completely back into growth medium. The
transfection efficiency was estimated by eye under fluorescence illumination to visualize GFP
and compared to the total number of cells under bright field illumination for HEK293 cells
typically showing at least 70% transfection efficiency. On the other hand, the transfection
efficiency for SH-SY5Y cells was determined by counting GFP+ cells over total cell number
indicating that the efficiency was on average about 13%.

H2O2 and inhibitor treatment
Chronic treatments of H2O2, U0126 (BIOMOL, Plymouth Meeting, PA), were carried out after
transfection when Opti-I medium was replaced with growth media. Cells were pretreated with
MEK1 inhibitor (U0126) for 1 h before H2O2 was introduced into the medium. Typically, total
cell death was quantified by WST-1 assay and necrotic cell death as described below.

Assessment of cell survival by WST-1 assay
Cell viability of HEK293 cells was determined using the WST-1 assay kit (Roche, Penzberg,
Germany) in accordance with the manufacturer’s recommended protocol. In brief, after the
respective treatments, the spent medium was removed, replaced with fresh growth medium,
and incubated at 37°C for 3 h. The medium was then replaced again with fresh growth medium
supplemented with 10% WST-1 reagent. This was followed by an additional incubation at 37°
C for 30–60 min. Changes in cell viability were reflected by changes in optical density detected
at 420 nm, which was measured using a spectrophotometer microplate reader (SpectraMax
340, Molecular Devices, Sunnyvale, CA, USA). All values in the figures were calculated from
at least 2–3 independent experiments with each experiment containing at least 6–8 replicates
in each experimental condition.

Assessment of necrosis by LDH assay
Necrosis is characterized by early loss of cell membrane integrity and the release of cytosolic
lactate dehydrogenase (LDH). Hence, LDH release was measured in the present study to
quantify necrotic cell death induced by MPP+ using the LDH assay kit developed by Pointe
Scientific, Inc. (Fisher Scientific, Pittsburgh, PA, USA). In brief, 30 µl of the spent medium
was collected from each treatment condition and mixed with 150 µl of reagent comprised of
Reagent A and Reagent B pre-mixed in a ratio of 1:6. Changes in optical density at 340 nm
were measured using a spectrophotometeric microplate reader and the maximum reaction rate
was calculated to reflect the LDH level in the spent medium. The percentage of LDH release
under each experimental condition was then calculated against the total cellular contents of
LDH in control wells. Total LDH contents were assessed by subtracting the amount of LDH
in untreated cell culture medium (total viable cells) from that in cultures lysed with 1% Triton
X-100 for 10 min (total release).

Assessment of Cell survival by cell count post-stained with Hoechst stain
Cell density of SH-SY5Ycells expressing LRRK2 wild-type, Y1699C or G2019S mutant were
determined by direct cell count due to the presence of GFP fusion to each of the genes. Twenty
four hours after treatment with H2O2, the cells were fixed with 4% para-formaldehyde, 4%
sucrose in PBS for 20 minutes at room temperature. Then, the cells were permeablized with
0.1% Triton X-100 in PBS for another 20 minutes at room temperature. Afterwards, the cells
were stained with Hoechst stain for 1 hour before it was replaced with PBS. Then, the cells
were observed via fluorescent microscopy. For each treatment conditions, three independent
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frames of the cells were captured showing cells expressing LRRK2-GFP fusion. The same
frames of the cells stained with Hoechst stain to reveal total number of cells was captured too.
In this way, the number of cells expressing LRRK2 (wild-type and mutants) and the total of
cells were determined by direct cell count. In this manner, the percentage survival of SH-SY5Y
cells expressing each of the LRRK2 genes was determined. In addition, the change in
percentage survival of SH-SY5Y cells in response to H2O2 insult was also determined.

Deletion mutant construction in mammalian expression vector
The deletion mutants for wild-type LRRK2 and Y1699C mutant genes were created using the
same approach. In each case, the gene was cut with endonucleases Cla I (New England Biolabs,
Ipswich, MA, USA) and Pac I (New England Biolabs, Ipswich, MA, USA), respectively, to
remove the kinase domain. Meanwhile, two oligomers of sequences “CGAGCGGCCGCGAT”
and “CGCGGCCGCT” were synthesized and annealed to form a linker with ends compatible
to Cla I and Pac I sites respectively. Then, the linker was used to connect the open ends of the
deleted genes giving rise to the pair of deletion mutants corresponding to LRRK2 wild-type
gene and Y1699C mutant gene. The excision sites of the deletion mutants were sequenced. In
addition, we retained the parental vector pCDNA3.1 and the GFP fusion at the C-terminal for
the deletion mutants.

PAGE and Western blotting
Standard PAGE and Western blotting protocols recommended by Cell Signaling Technology
(Danvers, MA, USA) were used in this study.

Statistical analysis
Results are reported as mean value ± SEM. The significance of difference between means was
assessed by ANOVA and post hoc Fisher’s protected least significant difference (PLSD) tests,
with p<0.05 considered statistically significant.

Results
In this study, we characterized functional differences between wild-type LRRK2 and its
mutants (Y1699C and G2019S) in response to oxidative stress. We had selected HEK293 cells
as host for expressing these genes as we consistently at least 70% transfection efficiency. In
addition, we have also verified the consistency of the key results in neuronal SH-SY5Y cells.
Since it has been reported that 6-OHDA and H2O2 toxicities utilized similar pathways to
achieve cell death (Mazzio et al., 2004; Saito et al., 2007) and in view of its stability over 6-
OHDA, we chose H2O2 as the source of oxidative stress to induce degeneration in our study.

Changes in basal cell viability and H2O2-induced cell death due to expression of wild-type
LRRK2 and its mutants Y1699C and G2019S

First, we have to determine the concentration of H2O2 that will elicit 50% cell death (EC50).
When we treated HEK293 cells with H2O2 between 1–300µM for 18 hours, we obtained a
dose response curve indicating that 150 µM H2O2 consistently elicited 50% cell death (Figure
1A). To ascertain the mode of cell death at this condition, we then measured the corresponding
percentage necrotic cell death using the LDH assay (Figure 1B). We observed that chronic
treatment with 150µM of H2O2 resulted in 10% of necrotic cell death, indicating that the
predominant mode of cell death at these conditions is apoptosis. Therefore, the paradigm
adopted in this study was the treatment of HEK293 cells with H2O2 at 150µM for 18 hours.

The delivery of wild-type LRRK2, Y1699C and G2019S genes into HEK293 cells was
mediated via transfection with lipofectamine 2000. After optimization, the typical transfection
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efficiency was at least 70% (data not shown). Comparable transfection efficiency was ensured
by monitoring the expression of each LRRK2 gene with fluorescence microscopy since a GFP
moiety is fused to each of their C-terminal. Twenty-four hours after transfection, we observed
a consistent 30–45% drop in basal viability among cells expressing wild-type and its mutants
Y1699C and G2019S with no significant difference between them (Figure 1C). However, when
the cells expressing wild-type and mutant LRRK2 genes were exposed to H2O2 at 150µM for
18 hours, we observed that cells expressing wild-type LRRK2 were more tolerant to H2O2
toxicity than were those expressing each of the mutants (Figure 1D). In comparison, cells
expressing wild-type LRRK2 experienced 50% attenuation in H2O2-induced cell death relative
to those cells expressing Y1699C or G2019S mutants. On the other hand, there was no
significant difference in the percentage cell death among cells expressing either of the mutants
as well as those transfected with the parental vector pCDNA3.1. Therefore, the results suggest
that Y1699C and G2019S mutants did not further exacerbate cell death in response to H2O2
toxicity. Since the impact on basal cell viability and in response to H2O2 toxicity are the same
in cells expressing Y1699C and G2019S mutants, we performed more detailed investigation
on the mechanistic difference between wild-type LRRK2 and Y1699C mutants in subsequent
experiments.

The impact of wild-type LRRK2 and Y1699C mutants on ERK1/2
Based on structural and domain analysis, the physiological role of wild-type of LRRK2 is
predicted to be a stress-responsive protein scaffold mediating the regulation of mitogen
activated protein kinase (MAPK) pathways (Mata et al., 2006). Under this notion, LRRK2
must crosstalk with the proteins involving the MAP kinase cascade. Hence, we first examined
changes in basal levels of phospho-ERK1/2(pERK) and phospho-JNK(pJNK) due to
expression of wild-type LRRK2 or Y1699C mutant in HEK293 cells which may suggest
crosstalk between LRRK2 and the MAP kinase pathways. The lysate from cells expressing
wild-type LRRK2 or Y1699C mutant as well as those transfected with parental vector
pCDNA3.1 were prepared and the changes in basal levels of pERK and pJNK were determined
by immunoblot analysis (Figure 2A). The presence of wild-type LRRK2 and Y1699C mutant
in HEK293 cells was also visualized by probing immunoblots with an antibody recognizing
GFP (Figure 2A, top panel).

No band was detected in lysate derived from cells transfected with pCDNA3.1 vector. We also
failed to detect endogenous wild-type LRRK2 in HEK293 cells with several commercially
available antibodies (data not shown). By comparison, the endogenous wild-type LRRK2 was
significantly lower than those being over-expressed and hence functional changes attributed
to the over-expressed LRRK2 (wild-type and mutant) would receive minimal interference from
endogenous wild-type LRRK2. In comparison, the basal level of pERK was decreased in cells
expressing wild-type LRRK2 and Y1699C mutant with no change to the level of total ERK1/2
(tERK) (Figure 2A). Moreover, the decrease in the basal level of pERK in cells expressing
Y1699C mutant was higher in cells expressing wild-type LRRK2. In contrast, there was no
significant change in the basal level of pJNK or total JNK (tJNK) in cells expressing wild-type
LRRK2 and Y1699C mutant to those transfected with pCDNA3.1. On the other hand, after 18
hours of treatment with H2O2 at EC50 (150µM), cells expressing wild-type LRRK2
consistently elicited a higher level of pERK than those expressing Y1699C mutant with no
significant change in the level of tERK (Figure 2B). As to pJNK and tJNK, there was no
significant difference in their level changes in response H2O2 toxicity between cells expressing
wild-type LRRK2 and Y1699C mutant. Collectively, these results suggest the potential
crosstalk between LRRK2 and the ERK1/2 pathway.
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Wild-type LRRK2 activated the ERK1/2 pathway to protect against H2O2 toxicity
In view of the higher pERK level in cells expressing wild-type LRRK2 and the corresponded
decrease in H2O2-induced cell death, we speculated the possibility that the activation of
ERK1/2 pathway had been employed by wild-type LRRK2 to confer protection against cell
death induced by H2O2 toxicity. To test this hypothesis, we cloned a dominant negative version
of the ERK2 gene (dnERK2) into the same parental vector pcDNA3.1. The dominant negative
version of the ERK2 gene is one with its Thr202 and Tyr204 replaced with Alanine. Over-
expression of dnERK2 will saturate the activated MEK1 inhibiting the proper phosphorylation/
activation of ERK1/2. As expected, upon expression of dnERK2, the activation of ERK1/2 in
response to H2O2 was significantly suppressed (Figure 3A). In addition, the successful
expression of the dnERK2 was confirmed indicated by the stronger upper band of the rightmost
column of the second panel in Figure 3A.

Using the dnERK2 construct to suppress the activation of ERK1/2, we could examine the
impact of ERK1/2 activation on basal viability and cell death induced by H2O2 toxicity. Co-
expression of dnERK2 and wild-type LRRK2 and Y1699C mutant did not alter the decrease
in basal viability of HEK293 cells elicited by expressing wild-type LRRK2 and Y1699C mutant
alone (Figure 3B), suggesting that the decrease in basal pERK was not the cause of this drop
in basal viability. On the other hand, under the persistent insult of H2O2 at 150 µM, cells co-
expressing wild-type LRRK2 and dnERK2 abolished the protection against H2O2-induced cell
death conferred by wild-type LRRK2 (Figure 3C). This loss of protection has brought the
percentage cell death to a level comparable to cells transfected with pCDNA3.1 or expressing
Y1699C mutant. Furthermore, co-expression of Y1699C mutant and dnERK2 did not elicit
any further decrease in H2O2-induced cell death. Similarly, pre-treatment with the MEK
inhibitor U0126 (10µM) suppressed the activation of the ERK1/2 pathway and also abrogated
the protection conferred by wild-type LRRK2, without any significant impact on the H2O2-
induced cell death in cells expressing Y1699C mutant (data not shown). Collectively, these
results suggest the notion that wild-type LRRK2 but not Y1699C mutant activated the ERK1/2
pathway and thereby protected against H2O2-induced cell death.

Differential cell death in neuronal cells expressing LRRK2 wild-type and mutants (Y1699C or
G2019S) in response to H2O2 toxicity

Thus far, we have observed that HEK293 cells expressing LRRK2 wild-type are more resistant
to H2O2 toxicity as compared to cells expressing mutants (Y1699C or G2019S) and this
difference can be attributed to the capacity of LRRK2 wild-type to activate the ERK1/2
pathway. At this juncture, we are interested to determine whether this differential functional
impact from LRRK2 wild-type and mutants (Y1699C or G2019S) against oxidative stress can
be extended to neuronal cells. To address this, we transfected the same set of LRRK2 wild-
type and mutant genes into human dopaminergic neuronal SH-SY5Y cells via lipofectamine
2000, followed by determining their influence on cell viability in response to H2O2 toxicity
(60 µM, 18 hours). Due to the low transfection efficiency (~13%), the percentage cell survival
was determined by direct cell count of cells exhibiting GFP fluorescence against total cell
number visualized by Hoechst stain.

First, the impact from these LRRK2 gene products on basal cell viability of SH-SY5Y cells
was determined (Figure 4A). In comparison, we observed a decrease in basal viability of 20%
in cells expressing Y1699C and nearly 30% in cells G2019S than those cells expressing LRRK2
wild-type. Consistent to reported studies, both of the LRRK2 mutants exhibited higher innate
toxicity than LRRK2 wild-type (Gloeckner et al., 2006; Smith et al., 2006).

Then, we investigated the differential change in percentage cell survival among cells
expressing LRRK2 wild-type and mutants in response to H2O2 toxicity in SH-SY5Y cells.

Liou et al. Page 6

Neurobiol Dis. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Similar to that observed in HEK293 cells, cells expressing LRRK2 wild-type experienced a
27–36% lowering in cell death as compared to cells expressing Y1699C or G2019S
respectively (Figure 4B). Moreover, in the presence of 10µM U0126 pre-treated 1 hour before
the treatment of H2O2, the difference in percentage cell survival between cells expressing
LRRK2 wild-type and its mutants was abolished (Figure 4C) suggesting that the difference is
mostly likely due to the activation of the ERK1/2 pathway mirroring that observed in HEK293
cells.

The protection conferred by wild-type LRRK2 is dependent on its kinase domain
To date, the limited biochemical characterization of LRRK2 has indicated a change in the
kinase activity due to the identified mutations based on in vitro cell free kinase assay (Greggio
et al., 2006; Ito et al., 2007; West et al., 2005). However, it is yet uncertain which protein along
the ERK signaling cascade can interact with wild-type LRRK2 protein directly. Thus, it is the
common belief that the kinase activity of LRRK2 will dictate its physiological function.
Therefore, we were interested to determine whether the kinase domain is involved in the
protective phenotype of wild-type LRRK2 observed in our paradigm. Since all the reported
studies related to the change in kinase activity of LRRK2 due to specific mutations (Greggio
et al., 2006; Ito et al., 2007; West et al., 2005) or the development of kinase dead mutations
(Burke, 2007; Greggio et al., 2006; Lu and Tan, 2008) were based on cell free in vitro kinase
assay using auto-phosphorylation or myelin basic protein (MBP) as substrates, it is uncertain
the same specific change in kinase activity for Y1699C and G2019S can be extended to the
protein that activates the ERK1/2 pathway in view of the unique protein-protein interaction
between the kinase and each of its substrates. The same mutations would elicit unique impact
on the activity of the kinase towards each of its substrates. Hence, under these circumstances,
we decided to delete the kinase domain in lieu of mutating specific residues to create a kinase-
dead version of wild-type LRRK2 and Y1699C mutant. In constructing the deletion mutants,
we utilized unique endonuclease cut-sites of Cla I and Pac I flanking the kinase domain of the
LRRK2 gene. Using these sites, the kinase domain was excised from the LRRK2 wild-type
and Y1699C mutant gene. After the excision, the ends were joined by an in-frame short DNA
linker created by annealing two complementary primers. The sequences are shown in the
Material and Methods section.

Using the deletion mutants in conjunction with their corresponding complete gene, we could
determine whether their differential response towards oxidative stress mandate the presence
of the kinase domain. With this strategy, we observed that removal of the kinase domain from
the wild-type LRRK2 further decrease the basal level of pERK to a comparable level elicited
by full length Y1699C mutant (Figure 5A). On the other hand, removal of the kinase domain
from Y1699C mutant did not further decrease the basal level of pERK, suggesting that the
kinase domain was not involved in the suppression of basal level of pERK. Nevertheless, these
results supported the notion that wild-type LRRK2 but not Y1699C mutant has the capacity
to activate the ERK pathway. However, the removal of the kinase domain from full length
wild-type LRRK2 and Y1699C mutant mitigated the drop in basal viability by 20% when
expressed in HEK293 cells, which was 20% less than the cells expressing their full length
counterpart (Figure 5B).

Under the chronic insult of H2O2, we found that cells expressing the deletion mutant of wild-
type LRRK2 cannot elicit an increase in pERK level as observed in cells expressing full length
wild-type LRRK2 (Figure 5C). In the case of Y1699C mutant, cells expressing the full length
or deletion mutant version of the gene do not exhibit significant difference in their capacity to
increase pERK level (Figure 5D). Correspondingly, cells expressing the deletion mutant of
wild-type LRRK2 lost the protective phenotype conferred by full length wild-type LRRK2
against H2O2-induced cell death (Figure 5E), suggesting that the protective phenotype of wild-
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type LRRK2 is dependent on the kinase domain and hence kinase activity. Moreover, deletion
of the kinase domain from Y1699C mutant did not increase the H2O2-induced cell death and
was comparable to cells transfected with pCDNA3.1. Collectively, the results suggest that
wild-type LRRK2 but not Y1699C mutant is capable of activating the ERK pathway to confer
protection against H2O2-induced cell death.

Discussion
Studies on the biochemical characterization of functional differences between wild-type
LRRK2 and its mutants are limited. The few reported biochemical studies have focused on the
impact of the LRRK2 mutant kinase activity on intracellular physiological functions, including
the formation of inclusion bodies and cell death (Gloeckner et al., 2006; Greggio et al., 2006;
Smith et al., 2006; West et al., 2005). Overall, it has been speculated that LRRK2 mutant could
elicit a “toxic gain of function” that leads to degenerative consequences within the cell. The
objective of the present study was to identify functional differences between wild-type LRRK2
and the mutants Y1699C and G2019S in response to oxidative stress. Collectively, our results
indicated that wild-type LRRK2 but not Y1699C or G2019S mutants attenuated H2O2–induced
cell death in HEK293 cells and SH-SY5Y cells. Further mechanistic determination indicated
that the mutation such as Y1699C lost the inherent protective capacity of wild-type LRRK2
against oxidative stress in its inability to activate the ERK1/2 pathway. Nevertheless, the results
from this study cannot rule out the possibility that specific mutations in the LRRK2 gene
abolished protective capacity of LRRK2 against oxidative stress in conjunction with a gain of
toxic function as suggested in other reported studies.

Impact of wild-type LRRK2 and its mutants on basal viability
In non-neuronal HEK293 cells, expressing wild-type LRRK2, Y1699C or G2019S mutants
experienced a 30–40% decrease in basal cell viability showing no significant difference in their
individual toxic impact. In contrast, expression of Y1699C or G2019S mutants in neuronal
SH-SY5Y cells resulted in at least 20% higher drop in basal viability than its wild-type counter-
part suggesting greater toxicity for the mutants consistent to reported studies (Greggio et al.,
2006; Smith et al., 2006). This discrepancy may be due to the differential endogenous protein
profiles in HEK293 cells and SH-SY5Y cells. It is speculated that the LRRK2 mutants interact
with neuronal specific proteins which are absence in HEK293 cells, actualizing their inherent
higher toxicity than LRRK2 wild-type. On the other hand, the activation of the ERK pathway
by LRRK2 wild-type in response to H2O2 toxicity was via protein/s present in HEK293 and
SH-SY5Y cells and hence account for the consistent observation in both cell lines. Therefore,
despite the high transfection efficiency for HEK293 cells, one must be careful in data
interpretation as it is not always possible to generalize results obtained in non-neuronal cells
to neuronal cells.

To date, several reported studies have suggested the toxicity of LRRK2 mutants resides solely
on their change in kinase activity from LRRK2 wild-type (Greggio et al., 2006; Smith et al.,
2006; West et al., 2005; West et al., 2007). If this is the case, expression of the deletion mutants
should not decrease the basal viability by 20% higher than cells that have undergone
transfection with pCDNA3.1 or expressing GFP alone (data not shown), albeit their
corresponding impact on basal viability were 15–20% lower than cells expressing full length
LRRK2 wild-type or mutants (Figure 5B). This result suggested two components for the
inherent toxicity of LRRK2 wild-type and mutants. First, cells expressing the kinase deletion
mutants experienced a 15–20% increase in basal viability when compared to cells expressing
their full length counterpart does suggest a kinase dependent inherent toxic component of
LRRK2. However, the 20% drop in basal viability in cells expressing the kinase deletion
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mutants when compared to cells transfected with pCDNA3.1 or expressing GFP also suggest
a component of the inherent toxicity for LRRK2 that is independent of its kinase activity.

Can a kinase independent component of the inherent toxicity for LRRK2 possible? Sequence
and functional domain analysis of LRRK2 led to the prediction of its function to be a protein
scaffold that enables the formation of a multi-protein signaling complex similar to that of the
protein kinase suppressor of Ras (Ksr)(Gloeckner et al., 2006; Kolch, 2005; Mata et al.,
2006). Potential cross-talk between LRRK2 and the ERK pathway was first suggested by the
decrease in basal level of pERK in cells expressing LRRK2 wild-type, its mutant and their
corresponding deletion mutants which were consistent to its predicted role as a protein scaffold
facilitating the activation of the ERK1/2 pathway. This is because as a protein scaffold
facilitating the activation of the ERK1/2 pathway, over-expressing LRRK2 wild-type or
mutants would inevitably suppress the activation of the ERK1/2 pathway which may come
with detrimental consequences to cell growth and maintenance of cell viability. In parallel, it
has been reported that over-expressing the scaffolding protein, JIP1, which results in the
suppression of JNK activation through sequestration of MEK or JNK despite the fact that
physiological function of JIP1 is to facilitate JNK activation (Dickens et al., 1997; Harding et
al., 2001; Li et al., 2005; Mooney and Whitmarsh, 2004). This may account for the kinase
independent component of the inherent toxicity of this protein.

Impact of LRRK2 wild-type and mutants on the cell death in response to oxidative stress
Collectively, our results indicated that LRRK2 wild-type but not its mutants has the capacity
to attenuate H2O2-induced cell death via activation of the ERK1/2 pathway in both HEK293
and SH-SY5Y cells. This change in tolerance towards oxidative stress is likely to be attributed
to their differential capacity to activate the ERK1/2 pathway. Our evidence further indicates
that the activation of the ERK1/2 pathway by wild-type LRRK2 is kinase domain dependent.
However, it is yet uncertain which protein along the ERK signaling cascade can interact with
wild-type LRRK2 protein directly.

Although our study suggests a cellular function for wild-type LRRK2 in attenuating oxidative
stress, it is likely that this protein has other physiological functions yet to be identified. In
summary, our results suggested that mutations on LRRK2 can alter its capacity to activate the
ERK1/2 signaling cascade, which significantly affect cell death in response to oxidative stress.
This observation is consistent with the observation that the G2019S mutation decreases the
phosphorylation of MAP kinase (White et al., 2007). However whether LRRK2 functions as
an intracellular scaffold facilitating the activation of other MAP kinase signaling cascade merits
further investigation.
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Figure 1. Impact of wild-type LRRK2 and its mutants Y1699C and G2019S on basal cell viability
and under the insult of H2O2 in HEK293 cells
(A) Cell survival profile in response to 0–300 µM of treatment of H2O2 for 18 hours in HEK293
cells; (B) Changes in percentage cell death due to necrosis as estimated by LDH assay in
response to 0–300 µM of treatment of H2O2 for 18 hours in HEK293 cells; (C) Decrease in
basal cell viability in HEK293 cells expressing wild-type LRRK2 and its mutants Y1699C and
G2019S. Data are means ± SEM, at least 24 readings per data point, from six independent
experiments. *p < 0.01, #p < 0.01, % p< 0.01 versus viability of cells transfected with
pCDNA3.1. Statistics were derived from ANOVA and post hoc Fisher’s protected least
significant difference (PLSD) tests; (D) Attenuation of H2O2-induced cell death for cells
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expressing wild-type LRRK2 but not in cells expressing mutant Y1699C or G2019S.
Percentage cell survival after H2O2 insult among cells transfected with pCDNA3.1, expressing
wild-type LRRK2 or its mutants Y1699C and G2019S is normalized against untreated cells
transfected with the same vector or expressing the same proteins. Data are means ± SEM, at
least 24 readings per data point, from six independent experiments. * p < 0.01 versus viability
of cells transfected with pCDNA3.1 after 150 µM of H2O2 treatment for 18 h. Statistics were
derived from ANOVA and post hoc Fisher’s protected least significant difference (PLSD) tests.
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Figure 2. Impact of expressing wild-type LRRK2 and Y1699C mutant on basal level of phospho-
ERK (pERK) and phospho-JNK (pJNK)
(A) Changes in basal level of pERK and pJNK in HEK293 cells expressing wild-type LRRK2
and Y1699C mutant as compared to those transfected with pCDNA3.1. In the top panel, an
anti-GFP antibody was used to examine expression of wild-type LRRK2 and Y1699C mutant
gene in HEK293 cells via immunoblotting. The corresponding change in basal level of pERK,
total ERK, pJNK, and total JNK are also shown and β-actin was used as a loading control;
(B) Corresponding changes in pERK, total ERK, pJNK, and total JNK in HEK293 cells
expressing wild-type LRRK2 or Y1699C mutant with and without chronic treatment with 150
µM of H2O2 for 18 hours. β-Actin was used as loading control.
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Figure 3. Effect of co-expression of wild-type LRRK2, Y1699C mutant with dnERK2 respectively
on basal cell viability and cell death in response to H2O2 toxicity
(A) Demonstration of the efficacy of using dnERK2 to silence ERK activation. In the top panel,
cells expressing pCDNA3.1 showed activation in response to H2O2 (middle lane); on the other
hand, cells expressing dnERK2 gene showed suppression of ERK activation under the same
stimulus (right lane). The second panel indicates expression of the dnERK2 gene. α–Tubulin
was used as loading control. (B) Co-expression of dnERK2 with LRRK2 wild-type gene or
Y1699C mutant gene did not significantly alter the decrease in basal cell viability due to the
expression of LRRK2 genes or its mutants. (C) Co-expression of dnERK2 with wild-type
LRRK2 abrogated the protection conferred by the latter gene against cell death induced by
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H2O2 in HEK293 cells. No significant changes in cell death induced by H2O2 toxicity were
detected when dnERK2 was co-expressed with Y1699C mutant in HEK293 cells. Percentage
cell death induced by H2O2 among cells transfected with pCDNA3.1, expressing LRRK2 wt
or Y1699C mt gene in the absence or presence of dnERK2 are normalized against untreated
cells transfected with the same vector or expressing the same proteins. Data are means ± SEM,
at least 12 readings per data point, from three independent experiments. * p < 0.05 versus cell
viability of cells expressing LRRK2 wt without dnERK2 after chronic treatment with H2O2
for 18 hours. Statistics were derived from ANOVA and post hoc Fisher’s protected least
significant difference (PLSD) tests.
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Figure 4. Impact of LRRK2 wild-type and mutants on basal viability and cell viability in response
to H2O2 insult in SH-SY5Y cells
(A) Change in basal viability due to expression of LRRK2 wild-type and mutants (Y1699C
and G2019S). Data are means ± SEM, 3 readings per data point, from at least free independent
experiments. *p <0.05 versus basal cell viability of cells expressing LRRK2 wild-type; #p
<0.05 versus basal cell viability of cells expressing LRRK2 wild-type. Statistics were derived
from ANOVA and post hoc Fisher’s protected least significant difference (PLSD) tests. (B)
Change in percentage cell survival between cells expressing LRRK2 wild-type and mutants
(Y1699C or G2019S) in response to H2O2 insult. Data are means ± SEM, 3 readings per data
point, from at least free independent experiments. *p <0.01 versus percentage cell viability of
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cells expressing LRRK2 wild-type after H2O2 insult; #p <0.01 versus basal cell viability of
cells expressing LRRK2 wild-type after H2O2 insult. Statistics were derived from ANOVA
and post hoc Fisher’s protected least significant difference (PLSD) tests. (C) Change in
percentage cell survival between cells expressing LRRK2 wild-type and mutants (Y1699C or
G2019S) in the absence and presence of 10µM U0126 in response to H2O2 insult. Each of the
percentage cell survival of cells expressing LRRK2 wild-type and mutants (Y1699C or
G2019S) after H2O2 insult was normalized from corresponding cells expressing the same
LRRK2 gene without H2O2 insult. Data are means ± SEM, 3 readings per data point, from at
least free independent experiments. *p <0.01 versus percentage cell viability of cells expressing
LRRK2 wild-type after H2O2 insult; #p <0.01 versus basal cell viability of cells expressing
LRRK2 wild-type after H2O2 insult. Statistics were derived from ANOVA and post hoc
Fisher’s protected least significant difference tests.
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Figure 5. Characterization of the deletion mutants
(A) Change in basal pERK in HEK293 cells expressing wild-type LRRK2, Y1699C mutant,
and their respective deletion mutants. (B) Expression of deletion mutants resulted in
significantly less decrease in basal cell viability as compared to their complete gene
counterpart. Data are means ± SEM, at least 12 readings per data point, from three independent
experiments. * p < 0.05 versus basal cell viability of cells expressing the corresponding
complete gene. Statistics were derived from ANOVA and post hoc Fisher’s protected least
significant difference (PLSD) tests. (C) Impact of expressing LRRK2 wild-type-kinase
(deletion mutant) on ERK response in HEK293 cells towards H2O2 toxicity. The changes in
pERK and total ERK with and without H2O2 treatment in cells transfected with pCDNA3.1,
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expressing wild-type LRRK2 (LRRK2 wt), and LRRK2 wild-type-kinase (LRRK2 wt-kinase)
were visualized by immunoblotting probed with antibodies recognizing pERK, total ERK and
β-actin respectively. β-actin was used as loading control. (D) Impact of expressing Y1699C
mutant-kinase (deletion mutant) on ERK response in HEK293 cells towards H2O2 toxicity.
The changes in pERK and total ERK with and without H2O2 treatment in cells transfected with
pCDNA3.1, expresssing Y1699C mutant (Y1699C mt) and Y1699C mutant-kinase (Y1699C
mt-kinase) were visualized by immunoblotting probed with antibodies recognizing pERK, total
ERK and β-actin respectively. β-actin was used as loading control. (E) Comparative impact
on cell death induced by treatment with 150 µM of H2O2 in cells expressing pCDNA3.1, wild-
type LRRK2, LRRK2 wt-kinase, Y1699C mutant, and Y1699C mt-kinase. Percentage cell
death induced by H2O2 among cells transfected with pCDNA3.1, expressing wild-type
LRRK2, Y1699C mutant, or their corresponding deletion mutant are normalized against
untreated cells transfected with the same vector or expressing the same proteins. Data are means
± SEM, at least 12 readings per data point, from three independent experiments. * p < 0.05
versus cell viability of cells expressing LRRK2 wt after chronic treatment with H2O2 for 18
h. Statistics were derived from ANOVA and post hoc Fisher’s protected least significant
difference (PLSD) tests.
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