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PTEN-induced putative kinase 1 (Pink1) is a recently identified gene
linked to a recessive form of familial Parkinson’s disease (PD). The
kinase contains a mitochondrial localization sequence and is re-
ported to reside, at least in part, in mitochondria. However, neither
the manner by which the loss of Pink1 contributes to dopamine
neuron loss nor its impact on mitochondrial function and relevance
to death is clear. Here, we report that depletion of Pink1 by RNAi
increased neuronal toxicity induced by MPP�. Moreover, wild-type
Pink1, but not the G309D mutant linked to familial PD or an
engineered kinase-dead mutant K219M, protects neurons against
MPTP both in vitro and in vivo. Intriguingly, a mutant that contains
a deletion of the putative mitochondrial-targeting motif was
targeted to the cytoplasm but still provided protection against
1-methyl-4-phenylpyridine (MPP�)/1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced toxicity. In addition, we also
show that endogenous Pink1 is localized to cytosolic as well as
mitochondrial fractions. Thus, our findings indicate that Pink1
plays a functional role in the survival of neurons and that cyto-
plasmic targets, in addition to its other actions in the mitochondria,
may be important for this protective effect.

Parkinson’s disease � neurodegeneration � neuroprotection

Parkinson’s disease (PD) is a movement disorder with progres-
sive loss of dopamine neurons in the substantia nigra pars

compacta (SNc). The molecular events responsible for the loss of
dopaminergic neurons in PD remain poorly understood. One
common feature of PD is the dysfunction of mitochondria, which
results in reduced complex I activity in the SNc (1, 2). Experimen-
tally, inhibitors of complex I of the mitochondrial respiratory chain
can recapitulate this selective dopaminergic neuronal loss and
consequent behavioral deficits (1, 3–5). These observations support
the hypothesis that nigral dopamine neurons are highly vulnerable
to stress arising from mitochondrial dysfunction.

Recently, several genes have been identified that cause PD (6).
These genes include �-synuclein, parkin, PTEN-induced putative
kinase 1 (Pink1), DJ-1, and LRRK2. Although several of the genes
have been partially localized to the mitochondria, Pink1 is the only
gene with a putative mitochondrial targeting motif. Several studies
have shown that the mitochondrial targeting motif at the N-
terminal region of Pink1 is sufficient to direct proteins to the
mitochondria (7). Pink1 was initially identified as a PTEN-inducible
transcript and contains a serine/threonine kinase domain (8).
Interestingly, the G309D mutation of the kinase domain leads to a
mild decrease in mitochondrial complex I activity, elevation of
superoxide radicals, and increased lipid peroxidation (9). Studies
with Drosophila lacking Pink1 showed mitochondrial pathology
with the similar phenotype as seen in Parkin knockout flies (10, 11).
The above observations suggest that mitochondrial dysfunction may
be linked to the Pink1 PD phenotype.

The mechanisms by which Pink1 affects the neuronal death
process are not completely clear. Expression of Pink1 has been
shown to reduce the death of cell lines induced by staurosporine
(12). Moreover, siRNA-induced Pink1 suppression sensitizes SH-

SY5Y and/or HeLa cell lines to multiple apoptotic stressors (13, 14).
However, the specific ways in which Pink1 affects cell survival and
how this is related to mitochondrial function is unknown.

Therefore, in the present study, we examined the functional role
of Pink1 and mutants in MPTP/MPP� models of neuron loss in vivo
and in vitro. Our present results indicate that Pink1 kinase activity
is critical for neuronal survival in response to mitochondrial stres-
sors. Surprisingly, we found evidence that mitochondrial targeting
of Pink1 activity is not absolutely required for its protective effects.
This finding suggests a model by which cytosolic targets/
transduction pathways may be modified by Pink1 to affect neuronal
survival.

Results
Knockdown of Mouse Pink1 Gene Sensitizes Neurons to MPP� Insult.
To assess whether endogenous Pink1 is important for the survival
of primary neurons, we first examined the effects of Pink1 down-
regulation on neuronal survival after exposure to the mitochondrial
toxin MPP�. We first screened three potential siRNA sequences
directed against mouse Pink1 to down-regulate endogenous Pink1
in NIH 3T3 cells. As shown in Fig. 1A, transfection of all three
oligonucleotides Pink1 siRNA complexes, but not a control se-
quence, significantly reduced Pink1 message, but had no effect on
control S12 message. Because the #40 sequence appeared to have
the most prominent effect, we used this sequence in subsequent
experiments. Transfection of NIH 3T3 cells with a hairpin vector
construct (shRNA) based on this targeting sequence down-
regulated the Pink1 message (data not shown) and protein [sup-
porting information (SI) Fig. 6B]. We then constructed a recom-
binant adenovirus expressing this shRNA Pink1 sequence and
showed the down-regulation in cultured cortical neurons in two
ways. First, neurons were infected with the Pink1 shRNA virus or
control. Cultures were then harvested and evaluated for Pink1
message by RT-PCR. As shown in Fig. 1B, a decrease in Pink1
message was detected. To further confirm, we evaluated levels of
Pink1 protein in individual neurons infected with the shRNA Pink1
virus, followed by immunofluorescence analyses. The virus also
coexpresses GFP, which was used to identify infected neurons. To
detect endogenous Pink1, we used a rabbit polyclonal antibody
raised against residues 125–149 of Pink1 (characterization of this
antibody is shown in SI Fig. 6A). The antibody recognizes endog-
enous bands of expected size to Pink1 in control HEK293 cells
extracts. These bands are similar in mobility to those observed with
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transfected V5-tagged wild-type (WT) Pink1 as recognized by
either the V5 or our Pink1 antibodies. In addition, we also per-
formed shRNA down-regulation experiments on mouse 3T3 cells
to confirm the specificity of our antibody. Our results indicate that
there is a major band observed corresponding to a putative Pink1,
which is substantially decreased after Pink1 shRNA expression. We
also detected bands of lower molecular weight that appeared
variably depending on the particular experiment and cells used.
Using this antibody, we also observed that Pink1 protein was
detectably reduced in neurons infected with the Pink1 shRNA virus
(Fig. 1 C and D). Interestingly, Pink1 expression also appeared very
broadly within the cell (see below).

We next determined the effects of this shRNA Pink1 construct
on the survival of cortical neurons exposed to MPP�, an agent that
was previously shown to induce apoptotic neuronal death (15).
Neuron cultures were cotransfected with GFP and control or Pink1
shRNA sequences and then untreated or exposed for 24 h to MPP�.
As shown in Fig. 1E, neurons transfected with Pink1 shRNA
showed significant sensitization to the effects of MPP� when
compared with control sequences (�53% survival in control vs.
�35% survival of shRNA for Pink1). This result implicates endog-
enous Pink1 as important in the regulation of primary neurons to
exogenous stressors such as mitochondrial toxins.

Effects of the Expression of Pink1 Against MPP� in Neurons. We next
performed the converse experiment and determined how increased

expression of Pink1 might affect the survival of cultured neurons.
In this case, we were particularly interested in the mechanism by
which Pink1 may be protective and the domains required for its
protective effect. We first determined the effects of WT and
kinase-deficient Pink1 expression. Twenty-four hours after trans-
fection, cultured cortical neurons were treated with 20 �M MPP�

and incubated for a further 48 h. As shown in Fig. 2B, expression
of WT Pink1 significantly protected neurons from the toxic effects
of MPP� treatment (�45% survival in control vs. �67% survival
with WT or �NPink1-transfected cells). However, expression of a
mutant of Pink1 associated with PD in humans (G309D) failed to
provide any protection when compared with the vector control.
Importantly, we show that the kinase activity is required for the
protective effects of Pink1. To demonstrate this idea conclusively,
we constructed a mutant of Pink1 with the kinase activity abolished
(K219M). Lys-219 is critical for the ATP binding, and a mutation
at this site destabilizes the ATP-binding property of the gene and
results in the loss of Pink1 kinase activity (12). Expression of the
K219M mutant, similar to the G309D mutant, failed to protect
cultured neurons against MPP� toxicity.

Mitochondrial Localization of Pink1 and Its Survival-Promoting Effect
in Vitro. Pink1 contains a putative mitochondrial localization signal
(7). To test whether this domain is essential for the protective effects
of Pink1, we generated a Pink1 mutant (�NPink1) lacking the first
111 amino acids from the N terminus. This Pink1 mutant
(�NPink1) impaired targeting of Pink1 to the mitochondria. This
impaired targeting was demonstrated by two different means. First,
COS-7 cells were transfected with either GFP alone or with WT
Pink1 or the �NPink1 mutant. GFP-positive cells were then eval-
uated for exogenous Pink1 localization by Flag staining, as well as
for mitochondria by mitotracker staining. As shown in Fig. 3A, the
expression of WT Pink1 showed both cytoplasmic and mitochon-

Fig. 1. Knockdown of Pink1 in NIH 3T3 cell lines or cortical neurons. (A) NIH
3T3 cells were transfected with the siRNA targeting the mouse Pink1 gene, and
24 h after the transfection cells were collected to isolate the RNA; RT-PCR was
carried out by using Pink1 primers and S12 primer as an internal control. (B)
Alternatively, cortical neurons were infected with adenovirus harboring
shRNA Pink1 at the time of plating, and cells were processed for RT-PCR. (C)
Cortical neurons after infection with shRNA Pink1 virus or control were
processed for immunostaining with Pink1 antibody. (D) Quantification of
fluorescent intensity of Pink1-immunostained neurons infected with control
and shRNA Pink1 virus. The asterisk denotes significance (P � 0.05). Values are
mean � SEM (n � 30–34). (E) Pink1 knockdown by shRNA Pink1 in cortical
neurons sensitizes the cells to MPP�. Cortical neurons are transfected with
shRNA plasmid 3 days after plating. Cells are treated with 20 �M MPP� for 24 h,
and GFP-positive cells are counted based on nuclear integrity. The asterisk
denotes significance (P � 0.05) when compared with other conditions.

Fig. 2. Primary cortical neurons were cultured for 3 days and then trans-
fected with different constructs by calcium phosphate. (A) Cells were treated
with 20 �M MPP� for 48 h, and neuronal survival was evaluated by assessing
the nuclear integrity of GFP-positive neurons. (B) Neuroprotective effect of
WT Pink1 or �NPink1 (N-terminal truncated Pink1) in cortical neurons against
MPP�. The mutant G309D or K219M did not show any protection. The data are
the mean � SEM (n � 3). The asterisk denotes significance (P � 0.05) when
compared with MPP� control.
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drial localization. In contrast, there was little if any overlap costain-
ing with the �NPink1 flag and mitotracker signal. Similar results
were obtained with cultured cortical neurons (data not shown). The

�NPink1 localization appeared diffuse and cytoplasmic indicating
that deletion of the first 111 amino acids of Pink1 inhibited
mitochondrial targeting. In support of this observation, we also
performed cell fractionation studies after transfection of our WT
and �NPink1 constructs in NIH 3T3 cells. As shown in Fig. 3B, WT
Pink1 was localized to both mitochondrial and cytoplasmic frac-
tions. Interestingly, Pink1 is predominately cytoplasmic at least
when expressed in this cell line. Similar localization was detected for
the kinase-dead K219M mutant, indicating that the kinase activity
of Pink1 does not affect its localization to mitochondrial fractions.
However, predominately cytoplasmic localization of the �NPink1
mutant was detected, indicating again that the �NPink1 mutant
displays impaired mitochondrial targeting. Importantly, this
�NPink1 mutant protected neurons from MPP� toxicity identically
to that of wild-type Pink1 (Fig. 2B). Taken together our results
suggest that, although kinase activity is essential for the protective
effects of Pink1, the mitochondrial targeting sequence and mito-
chondrial localization are not.

Overexpression of Pink1, but Not the Mutant Forms, Can Provide
Protection Against MPTP in Vivo. To validate our in vitro evidence
indicating the potential relevance of cytoplasmic Pink1 kinase
activity in mediating neuronal survival, we also evaluated whether
similar conclusions would be obtained in vivo. Accordingly, we
targeted WT, G309D, K219M, and �NPink1 mutants of Pink1 or
GFP control vector to the substantia nigra of adult mice by using
recombinant adenoviruses. One week after unilateral adenoviral
injections, mice were challenged with a chronic paradigm of MPTP
treatment (25 mg/kg for 5 consecutive days) or saline as described
in Methods and Materials. The midbrain was sectioned, and the
number of tyrosine hydroxylase (TH) (a marker for dopamine
neurons)-immunopositive neurons in both the virus-uninjected
(contralateral) and virus-injected (ipsilateral) SNc was assessed.
Similar to our in vitro results, we found that the expression of WT
Pink1 provided significant protection against MPTP insult (Fig. 4
A and B). Protection required kinase activity because both the
G309D mutant associated with PD and the kinase-dead K219M
mutant failed to provide any protection. Intriguingly, the �NPink1
mutant protected to a similar degree to that of WT Pink1 (Fig. 4
A and B). To ensure that the observed protective/death effects

Fig. 3. Immunostaining of COS-7 cell lines with WT Pink1 or �NPink1. (A)
Cells are transfected with WT or �NPink1, and, 24 h after transfection, cells are
incubated with mitotracker and fixed for immunostaining. The cells stained
with anti-Flag antibody to visualize Pink1 and images are taken by confocal
microscopy. (B) NIH 3T3 cells are transfected with GFP, WT, �NPink1, and
K219M Pink1 construct. Then, 24 h after transfection, cells are fractionated
into cytosolic and mitochondrial fraction with an equal volume of buffer.
Electrophoresis was carried out with an equal volume from each fraction.

Fig. 4. WT or �NPink1 provides protection against
MPTP administration. The adenoviruses (2 �l, 1 � 107

particles per �l) expressing WT, �NPink1, G309D, and
K219M Pink1 were injected directly into the striatum of
animals 7 days before the initiation of MPTP treatment.
A GFP-expressing virus was used as a control. Brains were
sectioned into 14-�m slices for TH staining. (A) Represen-
tative images of TH-immunopositive neurons of the ip-
silateral side of the animals 2 weeks after treatment with
MPTP. (B and C) TH-immunopositive (B) or cresyl violet-
stained (C) neurons from the ipsilateral or the contralat-
eral region of SNc were quantified. The data are the
mean � SEM (n � 3–4). (D) The expression of Pink1/
mutants 1 week after viral delivery of GFP vector (lane 1),
WT Pink1 (lane 2), �NPink1 (lane 3), G309D (lane 4), and
K219M(lane5) tomousebrainandproteinareprocessed
for immunoblotting. The asterisk denotes significance
(P � 0.05) when compared with GFP control.
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generated with evaluation of TH was not simply due to the loss of
a phenotypic dopamine marker, we also evaluated the number of
healthy neurons in the SNc region by cresyl violet staining (Fig. 4C),
which produced similar results. Finally, we confirmed the expres-
sion of the Pink1 constructs by Western blot and immunohisto-
chemical analyses as shown in Fig. 4D and SI Fig. 7, respectively.
Taken together both in vitro and in vivo results suggest the potential
importance of cytoplasmic kinase activity in mediating Pink1
protection.

Endogenous Localization of Pink1. Our fractionation studies with
expressed Pink1 indicate that Pink1 is both cytoplasmic and mito-
chondrial in localization despite the mitochondrial localization
signal in Pink1. Indeed, the presence of Pink1 in the cytoplasm is
consistent with the functional data, suggesting the critical nature of
cytoplasmic kinase activity in mediating survival. However, over-
expression of Pink1 may lead to improper localization. To verify
that endogenous Pink1 also was present in the cytosol, we used the
antibody that we generated against Pink1. We transfected HEK293
cells with WT Pink1 as a positive control and determined Pink1
distribution by using our Pink1 antibody. As previously described,
we detected multiple immunoreactive species that associated with
both membrane and cytosolic fractions similar to that observed
previously with the detection of Flag-tagged Pink1 by using FLAG
antibody. Differential centrifugation revealed that overexpressed
Pink1 is widely distributed and sedimented with markers of multiple
organelles, including mitochondria (Fig. 5 A and C). We also
examined for distribution of endogenous Pink1 in multiple cell
types, including HEK293 cells (Fig. 5B), 3T3 cells (Fig. 5D), and
cultured cortical neurons (Fig. 5D). We found that the majority of
endogenous Pink1 corresponding to full-length Pink1 (shown to be
down-regulated by shRNA treatment) (see SI Fig. 6B) was found
in cytoplasmic fractions, with significantly lower amounts associ-
ated with the mitochondria (Fig. 5B). As previously mentioned,
there were other lower-molecular-weight bands that also appeared
variably depending on the experiment and cell type. It is not clear
whether these bands correspond to processed fragments of Pink1 or
nonspecific bands. However, it is clear that a significant amount of
full-length Pink1 is present in the cytosol.

Finally, we examined endogenous Pink1 localization by immu-
nofluorescence in mouse embryonic fibroblasts (MEFs) (SI Fig. 8).
We observed that Pink1 was localized clearly in the mitochondria,
but also broadly in the cytoplasm. Similar results were obtained
from skin fibroblasts obtained from a control individual and from
a 74-year-old male with PD carrying compound heterozygous
(E240K/L489P) Pink1 mutations (data not shown). No differences
in Pink1 localization were observed between these cells. Overall,
our results indicate that substantial endogenous Pink1 is localized
to the cytosol despite the presence of a mitochondrial localization
signal.

Discussion
The identification of several genes linked to familial PD has
provided potential insight into the mechanisms of neurodegenera-
tion (16). Important biological themes such as protein aggregation,
protein turnover, and mitochondrial dysfunction have been high-
lighted. The latter is particularly interesting given that several of the
genes, including DJ-1, Parkin, and Pink1, have at least been partially
localized to the mitochondria (7, 17–19). The importance of mito-
chondria also is supported by observations of mitochondrial defects
with loss of function of several of these genes, including Parkin and
Pink1. Mitochondrial dysfunction in PD is further supported by
reports of impaired mitochondria in PD patients, as well as sensi-
tivity of dopamine neurons to mitochondrial toxins (2–5). The
mitochondrial hypothesis in PD is consistent with the essential role
of this organelle in ATP production, organization of a large number
of signaling networks, and as a major source of ROS that also has
been implicated in PD (20, 21). However, the involvement of

mitochondria as a principal source/reason of degeneration in PD is
controversial and not completely clear.

The importance of Pink1 in mitochondria is supported mainly by
two observations. First, the protein contains putative mitochondrial
localization sequence and has been reported to be localized to
mitochondria (7). Second, the down-regulation of Pink1 in the fly
results in abnormal mitochondrial morphology. However, the
mechanism by which Pink1 may affect mitochondria, whether the
abnormal effect is directly due to its absence in the mitochondria,
and how any such activity might impact cell survival are unknown.

In the present study, we evaluated the functional role of Pink1 in
mitochondrial toxin-induced neuronal death both in vitro and in
vivo. We also determined the role of the kinase domain and the
mitochondrial localization sequence in this neuroprotective role.
We demonstrated that Pink1 plays an important functional role
because siRNA down-regulation of Pink1 sensitizes neurons to
MPP�. In addition, expression of WT Pink1 protects both cultured
and dopamine neuronal loss induced by MPP�/MPTP. Impor-
tantly, mutations that impair kinase activity (the PD-associated
mutation G309D and the artificial kinase-dead construct K219M)
failed to protect both in vitro and in vivo, indicating that kinase
activity is required for the neuroprotective function of Pink1. This
result is supported by evidence that, although both WT Pink1 and
G309D mutant can be localized to the mitochondria, only WT
Pink1 prevents mitochondrial membrane potential change induced
by MG-132 (7).

Interestingly, our present results also suggest that cytoplasmic
kinase function of Pink1 is essential for Pink1-mediated protection.
Deletion of the mitochondrial localization sequence impairs tar-
geting of Pink1 to the mitochondria. Surprisingly, the expression of
this Pink1 mutant is still protective both in vitro and in vivo. It must
be made clear that there are several caveats to our interpretation.
First, it is possible that a small amount of N-terminally truncated
Pink1 might still localize to the mitochondria. Indeed, a recent
report has suggested that Pink1 might be shuttled into the mito-
chondria by interacting with HtrA2 (omi), a serine protease with
both survival/apoptotic functions (22). Clearly, however, the N-
terminal mitochondrial localization signal is not required for the
protective capacity of Pink1. Second, our protection studies were
performed with overexpressed Pink1. Whether endogenous mito-
chondrial Pink1 is essential for any protective effects of Pink1 in
neurons remains unclear and difficult to determine. However, a
significant portion of endogenous Pink1 is localized to the cyto-
plasm, which is similar to previous reports with transfected
Pink1 (23).

Although the nature of a potentially critical cytoplasmic function
of Pink1 in survival is unclear, there are some tantalizing possibil-
ities. An important hypothesis involves the relationship between
Pink1 and Parkin. Pink1 mutant phenotype, at least in the fly, can
be rescued by parkin gene overexpression (10, 11). However, the
converse does not occur, suggesting that parkin acts downstream of
Pink1 (10, 11). Interestingly, Drosophila Parkin mutant flies show
increased oxidative stress and decreased antioxidant activity with a
similar phenotype observed in the Pink1 mutant fly (24, 25). Pink1
also is reported to directly interact with Parkin (26), although the
significance of the Pink–Parkin interaction in survival has not been
verified. The vast majority of Parkin is localized to the cytoplasm,
suggesting that if their interaction were functionally relevant, Parkin
would likely be a critical cytoplasmic target of Pink1. Recently, it
also has been reported that Pink1 physically interacts with TRAP1,
a mitochondrial chaperone also known as HSP-75. Pink1-mediated
phosphorylation of TRAP1 is important for survival in response to
oxidative stress (27). However, TRAP1 also can reside in the
cytoplasm (28), suggesting that Pink1 could modulate TRAP1
outside of the mitochondria.

Finally, although our results imply that cytoplasmic Pink1 activity
is critical for cell survival, it does not contradict the model that
Pink1 has central functions in the mitochondria. It is important to
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clarify that it is unclear whether Pink1 is integral to mitochondrial
function and whether loss of Pink1 necessarily leads to mitochon-
drial dysfunction in all cell types. This issue is highlighted by the
observation that the dPink1 inactivation phenotype could be res-
cued by antioxidants like SOD1 and Vitamin E (29). SOD1 is
localized to the cytosol. How cytoplasmic actions of an antioxidant
enzyme reverse some of the observed Pink1 deficiency phenotypes
is unclear (29). Importantly, whether the increased level of ROS can
lead to changes in mitochondrial morphology similar to that
reported with Pink1 deficiency is unknown. It is therefore unclear
whether Pink1 deficiency acts primarily in the mitochondria, which
eventually leads to increased ROS, or whether a more generalized
ROS increase occurs after Pink1 deficiency, which secondarily leads
to mitochondrial disruption. If the latter were true, it might suggest
that the cytoplasmic actions of Pink1 might regulate the antioxidant
environment similar to SOD1. This notion is not without prece-
dence with PD genes. The most notable example is with DJ-1, which
has been shown to regulate the stability of NRF2, a factor essen-
tial for the coordinated expression of a number of antioxidant
enzymes (30).

Taken together our results strongly imply that the cytoplasmic
actions of Pink1 are critical for the survival properties of Pink1.
How Pink1 may perform at least a part of its function in the
cytoplasm will need to be examined in further and careful detail.

Materials and Methods
Mice. All procedures involving animals were approved by the University of
Ottawa Animal Care Committee and were maintained in strict accordance with
theGuidelines for theUseandTreatmentofAnimalsputforthbytheAnimalCare
Council of Canada and endorsed by the Canadian Institutes of Health Research.

Plasmid Construction. Multiple Pink1 constructs [WT Pink1, G309D mutant,
K219M mutant, and deletion mutant of �NPink1 (deletion of first 111 amino
acids fromN-terminalend)]weregeneratedwithorwithoutC-terminalFlagtags.
In brief, Pink1 (8) was excised from pcDNA3.1(�) by using NotI and BamHI. A
C-terminal 3XFlag tag was introduced by the removal of a stop codon from the
gene and ligated into the pAdtrack-CMV vector for amplification into recombi-
nant adenovirus as previously described (31). The resulting construct/virus ex-
pressed Pink1 variants and GFP from separate CMV promoters.

The Pink1 siRNA oligos (Ambion ID nos. 180640, 180641, and 180642) directed

to silence mouse Pink1 as well as negative control siRNA (nontargeting siRNAs)
were purchased from Ambion and cloned into the pSilencer 3.0-H1 siRNA vector.
The shRNA fragment, including the H1 promoter, was subcloned to pAdtract
vector to generate adenovirus as described previously (31).

Cell Line Culture and Transfection. COS7 cells were grown in Opti-MEM supple-
mented with 10% (vol/vol) FBS (Invitrogen) and were transiently transfected with
WT or mutant Pink1 for immunohistochemical analysis by using FuGENE (Roche
Applied Science, Indianapolis). Similarly, mouse NIH 3T3 cells were maintained in
DMEM supplemented with 10% FBS, 100 units/ml penicillin, and 100 �g/ml
streptomycin. Cells were seeded into 60-mm dishes for siRNA transfection accord-
ing to the manufacturer’s instructions. The required amount of Pink1 siRNAs and
lipofectamine 2000 (Invitrogen) was diluted into Opti-MEM I (Gibco) and per-
formedthetransfection.Aftertransfection,cellswere incubatedfor24–30h,cells
were lysed by using TRIzol reagent, and total RNA was isolated by chloroform/
isopropanol precipitation.

Adenoviral Gene Delivery in Vivo. Male 8- to 10-week-old C57BL/6 mice (Charles
River Laboratories) were administered recombinant adenoviruses that expressed
either WT Pink1, mutant Pink1, or the reporter gene GFP alone as control.
Adenoviruses (2 �l; 1 � 10 7 particles �l�1 per construct) were stereotaxically
injected into the right dorsolateral striatum (0.5 mm rostral and 2.2 mm to the
right of bregma and 3.4 mm below the skull surface) at an infusion rate of 0.5
�l/min by using a syringe pump (PHD2000; Harvard Apparatus). The expression of
recombinant proteins was confirmed by Western blot analyses as previously
described (32).

MPTP Administration in Vivo. Mice were challenged with MPTP once a day for
five consecutive days (25 mg/kg, i.p., measured as free base; MPTP-HCl; Sigma–
Aldrich)1weekafteradenovirus injectiontopermitsufficienttimeforretrograde
transport and expression of the adenovirus-derived proteins (32, 33). Mice used
as controls received an equivalent volume of saline (0.9%) once daily. Assessment
of dopamine neuron survival was performed 2 weeks after the start of the MPTP
dosing regimen.

Immunohistochemical Analysis of TH-Positive Neurons. Brain tissues from mice
injected with MPTP or saline were collected for immunohistochemical analyses as
described previously (32, 33). Antibodies used were TH (1:10,000; Immunostar),
and immunoreactivity was visualized by using an avidin–biotin complex perox-
idase reaction. To examine the viral expression of the gene in TH neurons, a
double-labeling immunofluorescence approach was used by using specific pri-
mary antibody to GFP (Abcam) or TH (Immunostar) and secondary antibodies

Fig. 5. Subcellular distribution of Pink1 in
HEK293, NIH 3T3 cells, and cortical neurons. (A, B, D)
Supernatants collected after centrifugation at
1,000 � g of cell lysate from WT Pink1 transfected
(A), untransfected (B), HEK293, or NIH 3T3 (D) cells
were subjected to sequential centrifugation, and
pellets were analyzed by SDS/PAGE and probed by
antibodies to either Pink1 (A, B, D) or to various
organelle markers as indicated (C, D). 3k, nuclei,
heavy mitochondria, and plasma membrane; 10k,
mitochondria, lysosomes, and Golgi; 20k, lyso-
somes, large vesicles, and rER; 100k, ER vesicles,
plasma membrane, Golgi, and endosomes; 100k
sup, soluble cytoplasmic proteins. (D) Alternatively,
neurons were fractionated into cytoplasmic and
mitochondrial fraction in a one-step differential
centrifugation as noted in Materials and Methods.
This procedure was performed because of the lim-
ited neuronal extract available relative to that ob-
tained from cultured fibroblasts.
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Alexa 488-conjugated anti-rabbit IgG and Alexa 594-conjugated anti-mouse IgG
(Molecular Probes).

Assessment of Dopamine Neuronal Loss in Vivo. The loss of neurons in the SNc
was determined by serial section analysis of the total number of TH� neurons in
the medial terminal nucleus region because intrastriatal administration of ade-
novirus results in the retrograde expression of the injected gene only those
subpopulation of SNc neurons (32). The estimation of total TH� nigral neuron
populations in both ipsilateral and contralateral regions of control or MPTP-
treated animals was counted in at least three sections for each animal and
expressed in Fig. 4C. Cresyl violet staining and counting were similarly performed
to validate the result of TH immunostaining as previously reported (32).

Neuronal Culture and Assessment of Death. Primary culture of mouse cortical
neurons was carried out as described previously (34–36). Three days after
plating, cortical neurons were transiently transfected by using a modified
calcium phosphate precipitation protocol (34, 37, 38). Cultures were treated
with 20 �M MPP� for 48 h after transfection. For the survival of transfected
neurons, cultures were fixed and stained with the nuclear marker Hoechst.
GFP-expressing neurons were counted as either alive or dead according to the
appearance of Hoechst. Survival was expressed as the percentage of total cells
that were classified as alive. Alternatively, neurons were infected with ade-
novirus as previously described (37).

Immunofluorescence. COS-7 cells were transfected with WT Pink1/�NPink1 and
stained with MitoTracker (Molecular Probes). Pink1 was stained with anti-Flag
antibody (1:200dilution;Sigma–Aldrich). FormeasurementofendogenousPink1
in MEFs, cells from CD-1 mice were fixed with 4% paraformaldehyde and probed
with rabbit polyclonal anti-Pink1 and mouse monoclonal cytochrome C antibod-
ies (BD PharMingen). Staining was revealed with secondary anti-mouse and
anti-rabbit antibodies coupled to Alexa Fluor 488 and 594 (Molecular Probes),
respectively. To analyze the reduction of endogenous Pink1 by shRNA, cortical
neurons after infection with shRNA Pink1 virus or control processed for immu-
nostaining with Pink1 antibody. Quantification of the fluorescent intensity of
Pink1-immunostained neurons infected with control and shRNA Pink1 virus
(which express GFP) was performed in a randomly selected area.

Subcellular Fractionation. Subcellular fractionation was performed by multiple
methods. NIH 3T3 cells transfected with Pink1 (Fig. 3) or cortical neurons (Fig. 5D)
weregrossly fractionated intocytosolicandmitochondria containingfractionsby
single-step centrifugation. Cells were homogenized with buffer containing 250
mM sucrose, 20 mM HEPES, 3 mM EDTA, and protease inhibitor (pH 7.5) and spun
at 3,000 rpm for 10 min. The supernatant was removed by using Eppendorf

Centrifuge 5417R and centrifuged at 13,000 rpm for 10 min. The supernatant was
retained, and the pellet was washed again with the same buffer and centrifuged
as previously described. Both fractions of the supernatant were combined and
designated as the cytosolic fraction. The pellet containing the crude mitochon-
drial fraction was suspended in the same buffer. Equal volumes of samples from
mitochondrial and cytosolic fraction were processed for immunoblotting. Mouse
monoclonal antibody for GAPDH (Chemicon) and a 39-kDa subunit of complex I
(Molecular Probes) was used as a marker for cytosolic and mitochondrial fraction,
respectively.ForsubcellularfractionationstudiesusinglargeramountsofHEK293
or NIH 3T3 extract (Fig. 5), cells were scraped into buffer [0.25 M sucrose, 5 mM
Hepes (pH 7.2), 1 mM EDTA, and protease inhibitor mixture] and disrupted by 20
passages through a 26-gauge needle. The homogenate was cleared by centrifu-
gation at 1,000 � g, and the resulting supernatant was sequentially centrifuged
at 3,000, 10,000, 20,000, and 100,000 � g. Pellets were resuspended in equal
volumes of extraction buffer. Equal volumes of samples were analyzed by poly-
acrylamide gel electrophoresis and Western blotting with a polyclonal rabbit
anti-Pink1 antibody (raised to synthetic peptides corresponding to residues 125–
149 of human Pink1). To detect mitochondria, antibodies such as complex I
49-kDa, 39-kDa subunit of complex I (Molecular Probe) and COX IV (Abcam) were
used. Calnexin (BD Biosciences), EEA1 (BD Bioscience), and Cadherin (Abcam)
antibodieswereusedasmarkers forER,earlyendosomes,andplasmamembrane,
respectively. GAPDH was used as a marker of cytosol.

RT-PCR. Semiquantitative RT-PCR was used to evaluate Pink1 mRNA. In brief,
cDNA synthesis reaction was amplified in a total volume of 25 �l containing 10
pmol of each primer by using one-step RT-PCR kits (Qiagen). The sequences of the
primers are: Pink1-F, 5	-GTTTTCCGCGCCTTCACCTCATCT-3	; and Pink1-R, 5	-
GCCATTGCCACCACGCTCTACACT-3	. We used ribosomal protein S12 (37) or S18
mRNA as a loading control. S12 cDNA was amplified as described previously (37).
Alternatively, primers for S18 are forward, 5	-ATAACAGGTCTGTGATGCCCTTAG-
3	; and reverse, 5	-ATAGTCAAGTTCGACCGTCTTCTC-3	.
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