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Leucine-rich repeat kinase 2 (LRRK2) is the causal gene for autosomal dominant familial Parkinson’s
disease. We have previously reported a novel molecular feature characteristic to I2020T mutant LRRK2:
higher susceptibility to post-translational degradation than the wild-type LRRK2. In the present study, we
demonstrated that the protective effect of I2020T LRRK2 against hydrogen peroxide-induced apoptosis
was impaired in comparison with the wild-type molecule. When the intracellular level of the protein
had been allowed to recover by treatment with proteolysis inhibitors, the protective effect of I2020T
LRRK2 against apoptosis was increased. We further confirmed that a decrease in the intracellular protein
level of WT LRRK2 by knocking down resulted in a reduction of protectivity against apoptosis. These
results suggest that higher susceptibility of I2020T mutant LRRK2 to intracellular degradation than the
wild-type molecule may be one of the mechanisms involved in the neurodegeneration associated with
this LRRK2 mutation.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Parkinson’s disease (PD) is a movement disorder caused by
degeneration of dopaminergic neurons. Leucine-rich repeat kinase
2 (LRRK2) is the gene responsible for autosomal dominant PD,
PARK8, which we originally defined by linkage analysis of a Japa-
nese family (Sagamihara family) [1–4]. LRRK2 belongs to the
receptor-interacting protein (RIP) family, which has LRR (leucine-
rich repeat), ROC (Ras of complex), COR (C-terminal ROC), kinase,
and WD40 domains [5]. The Sagamihara family patients have the
I2020T mutation in the kinase domain [4,6]. Up to now, a total of
23 LRRK2 mutations in various domains have been reported world-
wide [2–4,7]. Patients with LRRK2 mutations exhibit clinical fea-
tures indistinguishable from those of patients with sporadic PD,
and LRRK2 is postulated to be a key molecule in the etiology of
the disease. However, its true physiological function or the mech-
anism of neurodegeneration resulting from the mutation has not
been conclusively clarified.

Accumulated data suggest that hyper-kinase activity reported for
mutant LRRK2 molecules, particularly G2019S LRRK2, may be one
possible mechanism for the pathogenesis induced by this molecule
[8–13]. It has also been postulated that autophosphorylation of
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LRRK2 stabilize the kinase-active dimer and exacerbates the patho-
genesis [14]. In the case of I2020T mutation, however, there is a de-
gree of controversy; some studies have reported augmented kinase
activity [9,15,16], whereas other studies of this mutation have dem-
onstrated unchanged or impaired phosphorylation activity
[11,17,18]. Thus, at least in the case of I2020T mutation, there is no
consensus on the mechanism responsible for neurodegeneration.

In the previous study, we demonstrated that I2020T LRRK2 is
more susceptible to post-translational degradation than the wild-
type LRRK2 and G2019S LRRK2, indicating a novel molecular fea-
ture characteristic to I2020T LRRK2 [19]. In the present study, we
investigated whether the high degradation rate of I2020T LRRK2
is related to the pathogenesis associated with this mutant mole-
cule. We found that the wild-type LRRK2 exhibited a protective
effect against apoptosis whereas I2020T mutant LRRK2 had im-
paired protectivity. Prevention of the intracellular degradation of
I2020T LRRK2 markedly increased its protective effect against
apoptosis. Finally, we investigated the relationship between the
intracellular protein level of LRRK2 and its protectivity against
apoptosis employing a LRRK2-knockdown experiment.
Materials and methods

Transfection of LRRK2. The mammalian expression cDNA con-
struct of wild-type (WT) and I2020T mutant LRRK2 cDNA with a
V5 tag at the C-terminus was described previously [19]. Sequence
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Fig. 1. H2O2-induced apoptosis in LRRK2-transfected cells. (A) WT and I2020T (IT)
LRRK2-transfected HEK293 cells were treated with 1 or 3 mM H2O2 for 50 min. The
percentage of cells showing apoptosis was measured by annexin V staining. (B) WT
and I2020T (IT) LRRK2-transfected HEK293 cells were treated with 0.5 mM H2O2 for
30 min and the cell viability was measured. UT: Untransfected HEK293 cells. Stars
represent statistical comparisons by one-way ANOVA (n = 3); **p < 0.005.
***p < 0.0005.
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analysis proved that T6059>C (I2020T) at exon 41 was the only dif-
ference between the WT and the I2020T LRRK2 cDNA construct
throughout the whole plasmid. HEK293 cells were cultured in Dul-
becco’s modified Eagle medium (DMEM) (Sigma) supplemented
with 10% FCS and antibiotics. SH-SY5Y cells were cultured in
DMEM nutrient mixture F-12 HAM (Sigma) supplemented with
10% FCS, and antibiotics. Transfection of the LRRK2 cDNA plasmid
was performed using LipofectamineTM 2000 (Invitrogen) for
HEK293 cells, and FuGENE� HD Transfection Reagent (Roche) for
SH-SY5Y cells in accordance with the manufacturers’ protocols.
SH-SY5Y clones stably and uniformly expressing WT or I2020T
LRRK2 have been described previously [19].

Western analysis. LRRK2-transfected cells were suspended in
cell lysis buffer [Tris–HCl-buffered saline (pH 7.6) containing 1%
digitonin, 1 mM phenylmethylsulfonyl fluoride, and 1 tablet of
Complete mini protease inhibitor cocktail� (Roche)]. Cell lysates
were obtained by centrifugation and subjected to Western analysis
using horseradish peroxidase (HRP)-labeled antibody against the
V5 tag (Invitrogen) for LRRK2 expression and HRP-labeled antibody
against b-actin (Abcam) as an internal control.

Prevention of intracellular degradation of LRRK2. After 24 h of
transfection with WT and I2020T LRRK2 cDNA, HEK293 cells were
treated with a cocktail of three proteolysis inhibitors, 1 lM MG-
132 (Calbiochem) and 1 lM lactacystin (Sigma), both of which
are proteasome inhibitors, and with 200 nM chloroquine (Sigma),
a lysosome inhibitor. After 24 h of treatment, the cells were har-
vested and their lysates were analyzed by Western blotting, as de-
scribed above. The stably LRRK2-expressing SH-SY5Y clones were
also treated with the proteolysis inhibitors for 24 h and analyzed
in the same manner.

Hydrogen peroxide (H2O2)-induced apoptosis. Apoptosis was in-
duced by treatment of LRRK2-transfected cells with various con-
centrations (1–6 mM) of H2O2 for 50 min at 37 �C. In some
experiments, the cells were treated with a cocktail of the proteol-
ysis inhibitors MG-132, lactacystin and chloroquine for 24 h before
addition of H2O2. Percentage of apoptotic cells was measured using
an Annexin V-PE apoptosis Kit ITM (BD Biosciences) and an EPICS
XLTM Flow Cytometer (Beckman Coulter) in accordance with the
manufacturer’s protocol. Apoptotic cells were also assessed by
Western analysis of the lysates of transfected cells using an anti-
body against caspase-9 (Cell Signaling). For cell viability analysis,
LRRK2-transfected cells were treated with 0.5 mM H2O2 for
30 min at 37 �C, and subjected to assay using a Cell Counting Kit-
8TM (Dojindo) in accordance with the manufacturer’s protocol.

Knockdown of transfected LRRK2. HEK293 cells were transfected
with WT LRRK2 cDNA together with 25mer of StealthTM RNAi for
LRRK2 (50-GAGCUGCUCCUUUGAAGAUACUAAA-30; Invitrogen) or
with an RNAi-control with the scrambled sequence. The effective-
ness of knockdown of transfected LRRK2 was confirmed by Western
analysis using anti-V5 antibody. After 24 h of co-transfection, the
cells were treated with various concentrations (0.05–3 mM) of
H2O2 for 30 min to induce apoptosis, and cell viability was analyzed.

Results

H2O2-induced apoptosis in LRRK2-transfected cells

To elucidate the physiological function of LRRK2 in the mainte-
nance of cell viability, H2O2-induced apoptosis in LRRK2-transfected
HEK293 cells was analyzed using annexin V staining. Among WT
LRRK2-transfected cells treated with H2O2, the percentage of apop-
totic cells was significantly lower than among untransfected cells,
which expressed only endogenous LRRK2 molecules (Fig. 1A). In
contrast, the percentage of apoptotic cells among I2020T mutant
LRRK2-transfected HEK293 cells was significantly higher than that
among WT LRRK2-transfected cells, and not significantly different
from the situation in untransfected cells. Similar results were
obtained for the LRRK2-transfected neuroblastoma cell line SH-
SY5Y, although to a less marked extent due to the low transfection
efficiency, and for SH-SY5Y clones stably and uniformly expressing
WT or I2020T LRRK2 (Supplementary Fig. 1A and B). Consistently,
the viability of I2020T LRRK2-transfected HEK293 cells was signifi-
cantly lower than that of the WT LRRK2-transfected cells (Fig. 1B).
These results suggest that WT LRRK2, but not I2020T mutant LRRK2,
exerts a protective effect against H2O2-induced apoptosis.

Apoptosis of LRRK2-transfected cells after treatment with proteolysis
inhibitors

In the previous study, we demonstrated that the I2020T mutant
LRRK2 is more susceptible to post-translational degradation than
the WT LRRK2 [19]. To investigate whether prevention of degrada-
tion of the mutant LRRK2 influences its ability to protect against
H2O2-induced apoptosis, WT- and I2020T LRRK2-transfected
HEK293 cells were treated with a cocktail of proteolysis inhibitors,
MG-132 (a proteasome inhibitor), lactacystin (a proteasome inhib-
itor), and chloroquine (a lysosome inhibitor). As reported, treat-
ment with this inhibitor cocktail increased the I2020T LRRK2
protein to a level similar to that of WT LRRK2 (Fig. 2A). Possibly
because of the apoptosis-promoting effect of the protease inhibi-
tors [20,21], the treatment significantly increased the percentage
of annexin V-positive apoptotic cells among WT LRRK2-transfected
cells, although the percentage was still lower than that among
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Fig. 2. Effect of proteolysis inhibitors on apoptosis in LRRK2-transfected cells. (A) HEK293 cells were transfected with WT or I2020T LRRK2 cDNA and treated with a cocktail
of three proteolysis inhibitors (1 lM MG-132, 1 lM lactacystin, and 200 nM chloroquine) for 24 h. The LRRK2 level in the lysates was then analyzed by Western blotting with
an antibody against V5 tag. (B) WT and I2020T (IT) LRRK2-transfected HEK293 cells were treated for 24 h with a cocktail of proteolysis inhibitors, and apoptosis was induced
with 1 or 3 mM H2O2 for 50 min. UT: Untransfected HEK293 cells. (C) SH-SY5Y clones stably and uniformly expressing WT and I2020T LRRK2 (IT) were treated for 24 h with a
cocktail of proteolysis inhibitors, and apoptosis was induced with 6 mM H2O2 for 4 h. UT: Untransfected SH-SY5Y cells. The percentage of apoptotic cells was measured by
annexin V staining. Stars represent statistical comparisons by one-way ANOVA (n = 3); ***p < 0.0005.

244 E. Ohta et al. / Biochemical and Biophysical Research Communications 391 (2010) 242–247
untransfected cells subjected to the same treatment (Fig. 2B). Nev-
ertheless, the same treatment of I2020T LRRK2-transfected cells
markedly decreased the percentage of apoptotic cells to a level
even lower than that among WT LRRK2-transfected cells.

Next, the effect of proteolysis inhibitors on apoptosis was ana-
lyzed using SH-SY5Y clones that over-expressed the WT and
I2020T LRRK2 molecules stably and uniformly. Treatment with
the proteolysis inhibitors increased the percentage of apoptotic
cells among the WT LRRK2-expressing clones, although the per-
centage was still lower than that among the control cells
(Fig. 2C). On the other hand, in I2020T LRRK2-expressing clones,
the same treatment, which would otherwise have impaired the
ability to protect against apoptosis, dramatically reduced the per-
centage of apoptotic cells to a level similar to that among the WT
LRRK2-expressing clones. These results indicated that the ability
of I2020T LRRK2 to protect against apoptosis could be restored
by preventing its intracellular degradation.

Apoptosis was also analyzed by activation of caspase-9. The
molecular ratio of activated relative to inactive caspase-9 in
H2O2-treated cells was higher in I2020T LRRK2-transfected
HEK293 cells than in WT LRRK2-transfected cells (Fig. 3). Although
treatment with the proteolysis inhibitors increased the molecular
ratio of activated caspase-9 in both WT- and I2020T LRRK2-trans-
fected cells, this treatment reduced the ratio of activated caspase-9
in the I2020T LRRK2-transfected cells to a level lower than that in
the WT LRRK2-transfected cells. These results, in terms of both an-
nexin V staining and caspase-9 activation, indicated that the ability
of I2020T LRRK2 to protect cells against apoptosis can be increased
by preventing its degradation.

Influence of LRRK2-knockdown on protectivity against apoptosis

Finally, the relationship between the intracellular protein level
of LRRK2 and protectivity against apoptosis was investigated in a
knockdown experiment. Transfection of LRRK2-specific RNAi to-
gether with WT LRRK2 cDNA into HEK293 reduced the protein level
of transfected WT LRRK2 to 18% in comparison with the use of an
RNAi-control (Fig. 4A). As described above, transfection of WT
LRRK2 cDNA into HEK293 markedly improved the viability of
H2O2-treated cells (Fig. 4B). This protectivity of WT LRRK2 against
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Fig. 3. Caspase-9 activation in LRRK2-transfected cells. (A) WT- and I2020T LRRK2-
transfected HEK293 cells were treated with a cocktail of proteolysis inhibitors (MG-
132, lactacystin and chloroquine), and apoptosis was induced with 3 mM H2O2 for
50 min. The level of cleaved and activated caspase-9 in the lysates was analyzed by
Western blotting. UT: Untransfected HEK293 cells. (B) Graphical representation of
the molecular ratio of activated caspase-9 relative to inactive caspase-9. Stars
represent statistical comparisons by one-way ANOVA (n = 3); *p < 0.05.
***p < 0.0005.
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apoptosis was significantly abrogated by co-transfection of the
LRRK2-specific RNAi but not the RNAi-control. These results indi-
cate that the ability of LRRK2 to protect cells from H2O2-induced
apoptosis is related with its intracellular protein level.

Discussion

We have previously reported a novel molecular feature charac-
teristic to I2020T LRRK2: that it is more susceptible to post-trans-
lational degradation than the wild-type LRRK2 and G2019S mutant
LRRK2 [19]. In the present study, we found that the increased
intracellular protein level achieved by preventing degradation of
I2020T LRRK2 restore its protectivity against apoptosis. Indeed
the protease inhibitors used in this study have been reported to
show various additional cellular effects, e.g., promotion of apopto-
sis (MG-132, lactacystin, and chloroquine) and activation of the
CMV promoter (lactacystin) [20–25]. However, such effects, if
any, would have appeared in both WT- and I2020T LRRK2-transfec-
ted cells in a similar manner. Therefore, an increased amount of
I2020T LRRK2 after treatment with proteolysis inhibitors would
be the most plausible explanation for the increased protective ef-
fect against apoptosis. The notion that the intracellular protein le-
vel of LRRK2 determines its protective effect against apoptosis is
further supported by the fact that knockdown of transfected WT
LRRK2 impaired its cell-protective effect. Similarly, the apparently
opposite effects in WT- and I2020T LRRK2-transfected cells after
proteolysis treatment would have been due to the fact that, in
the latter case, the extent of the increased protective effect might
have overcome the toxic effects of the inhibitors. When its degra-
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dation was prevented, the I2020T LRRK2 expressed by HEK293
exhibited an even stronger protective effect against apoptosis, in
terms of both annexin V and caspase-9 analysis, than WT LRRK2,
suggesting that I2020T LRRK2 might have a higher intrinsic poten-
tial than WT LRRK2 to activate a yet unknown apoptosis–protec-
tion pathway.

Although in the present study we found that the WT LRRK2 had
a protective effect against H2O2-induced apoptosis and that knock-
down of the WT LRRK2 abrogated this effect, there has been some
controversy as to whether LRRK2 is protective or toxic for cells
[12,15,26–28]. Under our experimental conditions, we did not ob-
serve any increase of apoptosis in WT LRRK2-transfected cells
without H2O2 treatment. However, we could not exclude the pos-
sibility that over-expressed WT LRRK2 exerts a cytotoxic effect
on cells in a steady state, whereas it functions as a maintenance
or protective molecule when cells are exposed to oxidative stress.
Interestingly, loss of the LRRK2-orthologue in Drosophila has been
reported to induce an increase in susceptibility to oxidative stress
and a lower survival rate, being consistent with the results of our
LRRK2-knockdown experiments [29].

Although hyper-kinase activity of mutant LRRK2 molecules,
particularly G2019S LRRK2, has been reported to be one possible
mechanism for the pathogenesis induced by this molecule [8–
13,15], there is controversy in the case of I2020T mutation. Some
studies have reported augmented kinase activity [9,15,16],
whereas other studies of this mutation have demonstrated un-
changed or impaired kinase activity [11,17,18]. The results pre-
sented here suggest a new neurodegenerative mechanism
induced by I2020T LRRK2, i.e., higher susceptibility to degradation
gives rise to insufficiency of functional molecules to protect neu-
rons from apoptosis. Several reports have revealed that insuffi-
ciency of gene products can cause dominant hereditary
neurodegeneration, e.g., progranulin in frontotemporal lobar
degeneration linked to chromosome 17 [30], transforming growth
factor beta 2 and neurotrophin receptor trkB/C in the mouse PD
model [31,32], and p73 in the mouse Alzheimer’s disease model
[33]. In addition, because LRRK2 has been reported to form dimers
[9,34], any postulated molecular instability leading to degradation
of I2020T LRRK2 may influence the stability and/or function of not
only the I2020T/I2020T-homodimer but also the WT/I2020T-het-
erodimer, as is the case for GTP cyclohydrolase I in DYT5 dystonia
[35,36] and KIT (mast/stem cell growth factor receptor) in piebald-
ism [37,38]. Finally, as in the case of I2020T LRRK2, the G2019S
mutant LRRK2 exhibited impaired protectivity against H2O2-in-
duced apoptosis (data not shown). As we reported previously,
the G2019S LRRK2 does not differ from WT LRRK2 in susceptibility
to degradation [19]. It cannot be excluded that each type of LRRK2
mutation affects a different molecular aspect of LRRK2, i.e., kinase
activity, dimer formation, or susceptibility to degradation, all of
which finally lead to neurodegeneration through a common and/
or an independent pathway.

Conclusion

The intracellular protein level of LRRK2 determines protectivity
against H2O2-induced apoptosis. The protective effect of I2020T
mutant LRRK2 against apoptosis can be restored by preventing
its intracellular degradation. Our results suggest a new etiology
of neurodegeneration in PD caused by the LRRK2 mutation.

Acknowledgments

This study was supported by the Japanese Ministry of Education
and Technology (Grant-in-Aid for Young Scientists, B-21790848),
Kitasato University (All Kitasato Project Study, No. 18-1), by a Kita-
sato University Research Grant for Young Researchers of 2009, and
the Graduate School of Medical Sciences, Kitasato University (Inte-
grative Research Program, 2008–2009).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2009.11.043.
References

[1] M. Funayama, K. Hasegawa, H. Kowa, M. Saito, S. Tsuji, F. Obata, A new locus
for Parkinson’s disease (PARK8) maps to chromosome 12p11.2–q13.1, Ann.
Neurol. 51 (2002) 296–301.

[2] A. Zimprich, S. Biskup, P. Leitner, P. Lichtner, M. Farrer, S. Lincoln, J. Kachergus, M.
Hulihan, R.J. Uitti, D.B. Calne, A.J. Stoessl, R.F. Pfeiffer, N. Patenge, I.C. Carbajal, P.
Vieregge, F. Asmus, B. Müller-Myhsok, D.W. Dickson, T. Meitinger, T.M. Strom,
Z.K. Wszolek, T. Gasser, Mutations in LRRK2 cause autosomal–dominant
Parkinsonism with pleomorphic pathology, Neuron 44 (2004) 601–607.

[3] C. Paisan-Ruiz, S. Jain, E.W. Evans, W.P. Gilks, J. Simon, M. van der Brug, A.
Lopez de Munain, S. Aparicio, A.M. Gil, N. Khan, J. Johnson, J.R. Martinez, D.
Nicholl, I.M. Carrera, A.S. Pena, R. de Silva, A. Lees, J.F. Martí-Massó, J. Pérez-Tur,
N.W. Wood, A.B. Singleton, Cloning of the gene containing mutations that
cause PARK8-linked Parkinson’s disease, Neuron 44 (2004) 595–600.

[4] M. Funayama, K. Hasegawa, E. Ohta, N. Kawashima, M. Komiyama, H. Kowa, S.
Tsuji, F. Obata, An LRRK2 mutation as a cause for the Parkinsonism in the
original PARK8 family, Ann. Neurol. 57 (2005) 918–921.

[5] E. Meylan, J. Tschopp, The RIP kinases: crucial integrators of cellular stress,
Trends Biochem. Sci. 30 (2005) 151–159.

[6] E. Ohta, K. Hasegawa, T. Gasser, F. Obata, Independent occurrence of I2020T
mutation in the kinase domain of the leucine rich repeat kinase 2 gene in
Japanese and German Parkinson’s disease families, Neurosci. Lett. 417 (2007)
21–23.

[7] U. Kumari, E.K. Tan, LRRK2 in Parkinson’s disease: genetic and clinical studies
from patients, FEBS J., in press.

[8] A.B. West, D.J. Moore, S. Biskup, A. Bugayenko, W.W. Smith, C.A. Ross, V.L.
Dawson, T.M. Dawson, Parkinson’s disease-associated mutations in leucine-
rich repeat kinase 2 augment kinase activity, Proc. Natl. Acad. Sci. USA 102
(2005) 16842–16847.

[9] C.J. Gloeckner, N. Kinkl, A. Schumacher, R.J. Braun, E. O’Neill, T. Meitinger, W.
Kolch, H. Prokisch, M. Ueffing, The Parkinson disease causing LRRK2 mutation
I2020T is associated with increased kinase activity, Hum. Mol. Genet. 15
(2006) 223–232.

[10] E. Greggio, S. Jain, A. Kingsbury, R. Bandopadhyay, P. Lewis, A. Kaganovich, M.P.
van der Brug, A. Beilina, J. Blackinton, K.J. Thomas, R. Ahmad, D.W. Miller, S.
Kesavapany, A. Singleton, A. Lees, R.J. Harvey, K. Harvey, M.R. Cookson, Kinase
activity is required for the toxic effects of mutant LRRK2/dardarin, Neurobiol.
Dis. 23 (2006) 329–341.

[11] B. Luzon-Toro, E.R. de la Torre, A. Delgado, J. Perez-Tur, S. Hilfiker, Mechanistic
insight into the dominant mode of the Parkinson’s disease-associated G2019S
LRRK2 mutation, Hum. Mol. Genet. 16 (2007) 2031–2039.

[12] W.W. Smith, Z. Pei, H. Jiang, V.L. Dawson, T.M. Dawson, C.A. Ross, Kinase
activity of mutant LRRK2 mediates neuronal toxicity, Nat. Neurosci. 9 (2006)
1231–1233.

[13] D. Macleod, J. Dowman, R. Hammond, T. Leete, K. Inoue, A. Abeliovich, The
familial Parkinsonism gene LRRK2 regulates neurite process morphology,
Neuron 52 (2006) 587–593.

[14] S. Sen, P.J. Webber, A.B. West, Leucine-rich repeat kinase 2 (LRRK2) kinase
activity: dependence on dimerization, J. Biol. Chem., in press.

[15] A.B. West, D.J. Moore, C. Choi, S.A. Andrabi, X. Li, D. Dikeman, S. Biskup, Z.
Zhang, K.L. Lim, V.L. Dawson, T.M. Dawson, Parkinson’s disease-associated
mutations in LRRK2 link enhanced GTP-binding and kinase activities to
neuronal toxicity, Hum. Mol. Genet. 16 (2007) 223–232.

[16] Y. Imai, S. Gehrke, H.Q. Wang, R. Takahashi, K. Hasegawa, E. Oota, B. Lu,
Phosphorylation of 4E-BP by LRRK2 affects the maintenance of dopaminergic
neurons in Drosophila, EMBO J. 27 (2008) 2432–2443.

[17] M. Jaleel, R.J. Nichols, M. Deak, D.G. Campbell, F. Gillardon, A. Knebel, D.R.
Alessi, LRRK2 phosphorylates moesin at threonine-558: characterization of
how Parkinson’s disease mutants affect kinase activity, Biochem. J. 405 (2007)
307–317.

[18] V.S. Anand, L.J. Reichling, K. Lipinski, W. Stochaj, W. Duan, K. Kelleher, P.
Pungaliya, E.L. Brown, P.H. Reinhart, R. Somberg, W.D. Hirst, S.M. Riddle, P.B.
Steven, Investigation of leucine-rich repeat kinase 2: enzymological properties
and novel assays, FEBS J. 276 (2009) 466–478.

[19] E. Ohta, Y. Katayama, F. Kawakami, M. Yamamoto, K. Tajima, T. Maekawa, N.
Iida, S. Hattori, F. Obata, I2020T leucine-rich repeat kinase 2, the causative
mutant molecule of familial Parkinson’s disease, has a higher intracellular
degradation rate than the wild-type molecule, Biochem. Biophys. Res.
Commun. 390 (2009) 710–715.

[20] C. Mytilineou, K.S. McNaught, P. Shashidharan, J. Yabut, R.J. Baptiste, A.
Parnandi, C.W. Olanow, Inhibition of proteasome activity sensitizes dopamine
neurons to protein alterations and oxidative stress, Neural Transm. 111 (2004)
1237–1251.

http://dx.doi.org/10.1016/j.bbrc.2009.11.043


E. Ohta et al. / Biochemical and Biophysical Research Communications 391 (2010) 242–247 247
[21] W.X. Ding, H.M. Ni, X. Chen, J. Yu, L. Zhang, X.M. Yin, A coordinated action of
Bax, PUMA, and p53 promotes MG132-induced mitochondria activation and
apoptosis in colon cancer cells, Mol. Cancer Ther. 6 (2007) 1062–1069.

[22] B.C. Park, S.H. Park, S.H. Paek, S.Y. Park, M.K. Kwak, H.G. Choi, C.S. Yong, B.K.
Yoo, J.A. Kim, Chloroquine-induced nitric oxide increase and cell death is
dependent on cellular GSH depletion in A172 human glioblastoma cells,
Toxicol. Lett. 178 (2008) 52–60.

[23] E. Biasini, L. Fioriti, I. Ceglia, R. Invernizzi, A. Bertoli, R. Chiesa, G. Forloni,
Proteasome inhibition and aggregation in Parkinson’s disease: a comparative
study in untransfected and transfected cells, J. Neurochem. 88 (2004) 545–553.

[24] L. Fioriti, S. Dossena, L.R. Stewart, R.S. Stewart, D.A. Harris, G. Forloni, R. Chiesa,
Cytosolic prion protein (PrP) is not toxic in N2a cells and primary neurons
expressing pathogenic PrP mutations, J. Biol. Chem. 280 (2005) 11320–11328.

[25] J. Dunys, T. Kawarai, S. Wilk, P. St. George-Hyslop, C. Alves da Costa, F. Checler,
Catabolism of endogenous and overexpressed APH1a and PEN2: evidence for
artifactual involvement of the proteasome in the degradation of overexpressed
proteins, Biochem. J. 394 (2006) 501–509.

[26] W.W. Smith, Z. Pei, H. Jiang, D.J. Moore, Y. Liang, A.B. West, V.L. Dawson, T.M.
Dawson, C.A. Ross, Leucine-rich repeat kinase 2 (LRRK2) interacts with parkin
and mutant LRRK2 induces neuronal degeneration, Proc. Natl. Acad. Sci. USA
102 (2005) 18676–18681.

[27] C. Iaccarino, C. Crosio, C. Vitale, G. Sanna, M.T. Carri, P. Barone, Apoptotic
mechanisms in mutant LRRK2-mediated cell death, Hum. Mol. Genet. 16
(2007) 1319–1326.

[28] A.K. Liou, R.K. Leak, L. Li, M.J. Zigmond, Wild-type LRRK2 but not its mutant
attenuates stress-induced cell death via ERK pathway, Neurobiol. Dis. 32
(2008) 116–124.

[29] D. Wang, B. Tang, G. Zhao, Q. Pan, K. Xia, R. Bodmer, Z. Zhang, Dispensable role
of Drosophila ortholog of LRRK2 kinase activity in survival of dopaminergic
neurons, Mol. Neurodegener. 3 (2008) 3.

[30] M. Baker, I.R. Mackenzie, S.M. Pickering-Brown, J. Gass, R. Rademakers, C.
Lindholm, J. Snowden, J. Adamson, A.D. Sadovnick, S. Rollinson, A. Cannon, E.
Dwosh, D. Neary, S. Melquist, A. Richardson, D. Dickson, Z. Berger, J. Eriksen, T.
Robinson, C. Zehr, C.A. Dickey, R. Crook, E. McGowan, D. Mann, B. Boeve, H.
Feldman, M. Hutton, Mutations in progranulin cause tau-negative
frontotemporal dementia linked to chromosome 17, Nature 442 (2006) 916–
919.

[31] Z.B. Andrews, H. Zhao, T. Frugier, R. Meguro, D.R. Grattan, K. Koishi, I.S.
McLennan, Transforming growth factor beta2 haploinsufficient mice develop
age-related nigrostriatal dopamine deficits, Neurobiol. Dis. 21 (2006) 568–575.

[32] O. von Bohlen und Halbach, L. Minichiello, K. Unsicker, Haploinsufficiency for
trkB and trkC receptors induces cell loss and accumulation of alpha-synuclein
in the substantia nigra, FASEB J. 19 (2005) 1740–1742.

[33] M.K. Wetzel, S. Naska, C.L. Laliberté, V.V. Rymar, M. Fujitani, J.A. Biernaskie, C.J.
Cole, J.P. Lerch, S. Spring, S.H. Wang, P.W. Frankland, R.M. Henkelman, S.A.
Josselyn, A.F. Sadikot, F.D. Miller, D.R. Kaplan, p73 regulates
neurodegeneration and phospho-tau accumulation during aging and
Alzheimer’s disease, Neuron 59 (2008) 708–721.

[34] E. Greggio, I. Zambrano, A. Kaganovich, A. Beilina, J.M. Taymans, V. Daniëls, P.
Lewis, S. Jain, J. Ding, A. Syed, K.J. Thomas, V. Baekelandt, M.R. Cookson, The
Parkinson disease-associated leucine-rich repeat kinase 2 (LRRK2) is a dimer
that undergoes intramolecular autophosphorylation, J. Biol. Chem. 283 (2008)
16906–16914.

[35] M. Hirano, T. Yanagihara, S. Ueno, Dominant negative effect of GTP
cyclohydrolase I mutations in dopa-responsive hereditary progressive
dystonia, Ann. Neurol. 44 (1998) 365–371.

[36] W.L. Hwu, Y.W. Chiou, S.Y. Lai, Y.M. Lee, Dopa-responsive dystonia is induced
by a dominant-negative mechanism, Ann. Neurol. 48 (2000) 609–613.

[37] K. Nocka, J.C. Tan, T.Y. Chu, P. Ray, P. Traktman, P. Besmer, Molecular bases of
dominant negative and loss of function mutations at the murine c-kit/white
spotting locus: W37, Wv, W41 and W, EMBO J. 9 (1990) 1805–1813.

[38] L.B. Giebel, R.A. Spritz, Mutation of the KIT (mast/stem cell growth factor
receptor) protooncogene in human piebaldism, Proc. Natl. Acad. Sci. USA 88
(1991) 8696–8699.


	Prevention of intracellular degradation of I2020T mutant LRRK2 restores its protectivity against apoptosis
	Introduction
	Materials and methods
	Results
	H2O2-induced apoptosis in LRRK2-transfected cells
	Apoptosis of LRRK2-transfected cells after treatment with proteolysis inhibitors
	Influence of LRRK2-knockdown on protectivity against apoptosis

	Discussion
	Conclusion
	Acknowledgments
	Supplementary data
	References


