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Autosomal-recessive mutations in the Parkin gene are the second most common cause of familial
Parkinson’s disease (PD). Parkin deficiency leads to the premature demise of the catecholaminergic neurons
of the ventral midbrain in familial PD. Thus, a better understanding of parkin function may elucidate molecu-
lar aspects of their selective vulnerability in idiopathic PD. Numerous lines of evidence suggest a mitochon-
drial function for parkin and a protective effect of ectopic parkin expression. Since mitochondria play a
critical role in cell survival/cell death through regulated cytochrome c release and control of apoptosis, we
sought direct evidence of parkin function in this pathway. Mitochondria were isolated from cells expressing
either excess levels of human parkin or shRNA directed against endogenous parkin and then treated with
peptides corresponding to the active Bcl-2 homology 3 (BH3) domains of pro-apoptotic proteins and the
threshold for cytochrome c release was analyzed. Data obtained from both rodent and human neuroblastoma
cell lines showed that the expression levels of parkin were inversely correlated with cytochrome c release.
Parkin was found associated with isolated mitochondria, but its binding per se was not sufficient to inhibit
cytochrome c release. In addition, pathogenic parkin mutants failed to influence cytochrome c release.
Furthermore, PINK1 expression had no effect on cytochrome c release, suggesting a divergent function
for this autosomal recessive PD-linked gene. In summary, these data demonstrate a specific autonomous
effect of parkin on mitochondrial mechanisms governing cytochrome c release and apoptosis, which may
be relevant to the selective vulnerability of certain neuronal populations in PD.

INTRODUCTION

Parkinson’s disease (PD) is a devastating illness that affects 1—
3% of the population over the age of 65 (1,2). PD is clinically
characterized by tremor, rigidity, bradykinesia and postural
instability. These symptoms are caused by a progressive loss
of catecholamine producing neurons of the substantia nigra
pars compacta, among other affected neuronal populations.
Although most cases of PD are sporadic in nature, a number
of genes have been identified in the rare familial forms of PD
pathology (3). Loss-of-function mutations within the PARK2
locus, which encodes the parkin protein, are the most
common cause of autosomal recessive PD (4,5). Alterations

in the PARK2 gene result in loss of the E3 ubiquitin ligase func-
tion of parkin and the selective loss of catecholaminergic
neurons. It has been suggested that parkin is necessary for the
survival of these neurons, and consequently that parkin may
be a pro-survival protein (6). Therefore, understanding how
normal parkin function protects neurons, possibly against
pro-apoptotic factors or mitochondrial stress, is an important
step in the study of idiopathic PD pathogenesis.

Studies of parkin-null animal models strongly suggest a
mitochondrial function for parkin. Loss of parkin expression
in Drosophila leads to mitochondrial abnormalities and
spontaneous apoptosis (7,8), consistent with a protective
function of endogenous parkin. Mitochondria are commonly

“To whom correspondence should be addressed at: Harvard Institutes of Medicine, Room 764, 77 Avenue Louis Pasteur, Boston, MA 02115, USA.
Tel: +1 6175255185; Fax: +1 6175255252; Email: mlavoie@rics.bwh.harvard.edu
fPresent address: Neurimmune Therapeutics AG, Wagistrasse 13, 8952 Schlieren, Switzerland.

iThese authors contributed equally.

© The Author 2009. Published by Oxford University Press. All rights reserved.
For Permissions, please email: journals.permissions@oxfordjournals.org



4318 Human Molecular Genetics, 2009, Vol. 18, No. 22

recognized as a critical site for the regulation of apoptosis, in
addition to their crucial role in aerobic respiration. The con-
trolled release of cytochrome ¢ across the outer membrane is
often a necessary step in the activation of the caspase
cascade and cell death (9,10). The action of many anti-
apoptotic proteins is to limit the release of cytochrome c
from mitochondria, and we hypothesized that one outcome
of parkin expression is the retention of mitochondrial cyto-
chrome ¢ under otherwise pro-apoptotic conditions.

The B-cell lymphoma 2 (Bcl-2) family of proteins are integral
membrane proteins often located in the outer mitochondrial mem-
brane which governs mitochondrial membrane permeabilization
(11). Their functional role in mediating apoptosis and/or survival
is dependent upon their Bcl-2 homology (BH) domains. Bcl-2
proteins containing only the Bel-2 homology 3 (BH3) domain
are strictly pro-apoptotic and primarily responsible for inducing
cytochrome c release from the mitochondria (12,13). Once mito-
chondrial cytochrome c is released into the cytoplasm, it initiates
a cascade of caspases to effect cell death (10,14).

In order to assess the influence of parkin specifically on the
mitochondrion in the context of cell death, we sought an
in vitro cell-free system to analyze the threshold for cyto-
chrome c release. Peptides corresponding to the BH3 domain
of various pro-apoptotic proteins are well-known to elicit cyto-
chrome ¢ release from isolated mitochondria (13,15). These
peptides can be used to examine the basal state of the mito-
chondria and their intrinsic propensity to promote apoptosis
and specific contribution to the cellular response to an apopto-
tic trigger, in the absence of cytoplasmic factors.

We hypothesized that the protective effect of parkin is due
to its ability to regulate the threshold of mitochondrial cyto-
chrome c release. We report here that the overexpression of
parkin in multiple cull culture systems significantly reduces
evoked mitochondrial cytochrome c release from isolated
mitochondria, which correlated with a regulation of down-
stream caspase activation in intact cells. Expressed parkin
was found in the preparations of isolated mitochondria, but
additional experiments revealed that the association of
parkin with mitochondria per se had no effect on evoked cyto-
chrome c release. Consistent with a role for endogenous parkin
in regulating the threshold for cytochrome c release, sShRNA-
mediated silencing of parkin expression lowered the threshold
for BH3 peptide-induced cytochrome c release from SH-SYS5Y
isolated mitochondria. Pathogenic loss-of-function mutations
in parkin abrogate its influence on cytochrome c release. Fur-
thermore, we demonstrate that this effect is specific for parkin,
as another autosomal recessive PD-linked gene product,
PTEN-induced kinase 1 (PINK1), did not affect this aspect
of mitochondrial function, suggesting divergent functions of
these two PD-linked gene products. Our results implicate
parkin in mitochondrial mechanisms governing cytochrome
c release and apoptosis, which may be important to the selec-
tive vulnerability of certain neuronal populations in PD.

RESULTS

The BH3 domains of pro-apoptotic proteins stimulate
regulated cytochrome c release from isolated mitochondria

Isolated mitochondria can participate in regulated cytochrome
c release and behave as they would in intact cells (13,16). This

can be accomplished by incubating purified mitochondria with
synthetic HPLC-purified peptides corresponding to the short
BH3 domains (20—22 amino acids) of several pro-apoptotic
proteins (12). Ordinarily, cytochrome c release is a late step
in the induction of apoptosis, and often considered a ‘point
of no return’ (17,18). In order to validate the BH3 peptide
assays in our hands, we isolated mitochondria from the dopa-
minergic neuronal MES cell line, incubated them with BH3
peptides, and analyzed both the released and mitochondrial
fractions for cytochrome c content (Fig. 1A). Similar exper-
iments were conducted in SH-SYS5Y and SK-N-MC human
neuroblastoma, and Chinese Hamster Ovary (CHO) cell
lines, all of which displayed regulated cytochrome c release
from isolated mitochondria (data not shown). In all cases,
the BH3 domain peptides of Bid and Bim induced robust
release of cytochrome c¢ compared with vehicle (Fig. 1A,
lanes 2 and 3, first row), consistent with their putative role
as direct activators of apoptosis (13,18—20) Likewise, we con-
sistently observed subtle cytochrome c release in response to
the BH3 domain of the apoptotic sensitizer, PUMA, in the
MES-derived mitochondria (Fig. 1A, lane 4) and all other
cell lines tested (not shown). The magnitude of this effect is
consistent with the putative indirect role of PUMA in cyto-
chrome c release (15,21). The levels of retained mitochondrial
cytochrome ¢ were inversely correlated with the released cyto-
chrome c (Fig. 1A, second row). The antibiotic alamethicin
permeabilizes membranes and in isolated mitochondria
allows the passive diffusion of cytochrome c across the
outer membrane (22). It induces complete release of cyto-
chrome c¢ such that there is little to no cytochrome ¢ present
in the mitochondrial pellets at the completion of the exper-
iment (Fig. 1A, lane 5). This was routinely used as a positive
control to quantify and compare maximal cytochrome c
release across independent mitochondrial preparations.
VDAC, an integral outer mitochondrial membrane protein,
was also analyzed to confirm equal protein loading (Fig. 1A,
third row).

The anti-apoptotic protein, Bcl-2, inhibits apoptosis in vivo
and in intact cells in part by preventing or attenuating mito-
chondrial cytochrome c release and the activation of the down-
stream caspase cascade (10,23). To further characterize the
suitability of this cell-free system, we pre-treated isolated
mitochondria with purified Bcl-2 protein in order to determine
its influence on subsequent cytochrome c release by Bid or
PUMA. Results showed that both Bid and PUMA induced
cytochrome ¢ release compared with DMSO vehicle
(Fig. 1B, lanes 3 and 5); however, pre-treatment with equi-
molar concentrations of recombinant Bcl-2 reduced the
levels of cytochrome c release (Fig. 1B, lanes 2 and 4), con-
sistent with its known function in intact cells. Alamethicin
and NP-40 (a detergent that solubilizes mitochondrial mem-
branes) treatments induced complete release of cytochrome ¢
(Fig. 1B, lanes 6 and 7).

Parkin expression decreases BH3 peptide-induced
cytochrome c release from isolated mitochondria

It has been argued that parkin both serves a critical function to
mitochondria (24,25) and plays a potent role in promoting cell
survival (6). Since mitochondria often play a central role in
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Figure 1. BH3 peptides induce cytochrome c release from isolated mitochon-
dria. (A) Mitochondria were isolated from MES cells and incubated with
DMSO, 10 puMm of the purified BH3 domain peptides of Bid, Bim, PUMA or
alamethicin (40 pwg/ml). Reactions were then centrifuged at 25 000g for
10 min, to obtain the released cytochrome c supernatant and mitochondrial
pellet. Released and retained cytochrome ¢ was analyzed by western blot.
Equal loading of mitochondrial proteins was confirmed by western blotting
for the mitochondrial membrane protein, VDAC. (B) Mitochondria were pre-
incubated for 5 min with purified, full-length Bcl-2 protein (10 pm), prior to
the addition of 10 pm Bid or PUMA BH3 peptide. Released cytochrome c
was measured by western blot. Images are representative of at least three inde-
pendent experiments.

governing cell fate, we hypothesized that the pro-survival
effects of parkin would involve mitochondria. Indeed, prior
work has suggested that the protective effects of parkin are
correlated with reduced cytochrome c release from mitochon-
dria (26), but whether parkin acts directly at the level of mito-
chondrial cytochrome c release or on upstream events in the
cytoplasm (where parkin is predominantly localized) was not
addressed. In order to address the potential influence of
parkin directly on mitochondria, we first generated two inde-
pendent stable cell lines with matched parkin expression
levels. Here we show the stable expression of a human
parkin fusion protein with either a myc- or HA-epitope tag
on the amino-terminus in the MES cell background
(Fig. 2A, lanes 2 and 3).

Mitochondria from all three cell lines (MES, MES myc-
Parkin and MES HA-Parkin) were isolated and incubated
with the BH3 peptides of Bid and Bim at increasing
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concentrations, and the levels of released cytochrome ¢ were
determined by western blot. As expected, both Bid and Bim
induced robust release of cytochrome ¢ from mitochondria iso-
lated from the parental MES cell line (Fig. 2B, lanes 1 and 4).
In addition, Bid and Bim induced a dose-dependent release,
with 10 M of peptide initiating the maximal release compared
with the positive control of NP-40 (Fig. 2B, fourth row),
suggesting that mitochondrial cytochrome c release is quanti-
tatively dependent upon the amount of Bid or Bim present in
the reaction. The stable expression of either human parkin
fusion protein led to a dramatic reduction in the BH3
peptide-induced cytochrome c release from isolated mitochon-
dria (Fig. 2B, lanes 2, 3, 5 and 6). This reduction was observed
at all three concentrations of peptide. Importantly, the levels of
total cytochrome ¢ were not altered by the expression of
parkin.

In order to determine if the parkin-dependent reduction in
evoked cytochrome c release from isolated mitochondria
was indicative of the inhibition of apoptosis in intact cells;
we examined the downstream activation of caspases 3 and 7
in whole cells. Previous studies have shown that parkin over-
production inhibits C2 ceramide-mediated apoptosis (26). We
therefore incubated MES and MES myc-Parkin cells with
vehicle or C2 ceramide and analyzed caspase 3/7 activity
using a fluorogenic substrate 18 hrs following treatment.
Data showed a robust activation of caspase 3/7 activity in par-
ental MES cells treated with C2 ceramide, whereas the MES
myc-Parkin cells showed no increase above control
(Fig. 2C). To further expand our data to include multiple
parkin cells lines, and additional time points, we tested C2 cer-
amide along with staurosporine (Fig. 2D) in parental MES,
MES myc-Parkin and MES HA-Parkin lines and analyzed
caspase activation at 6 h post-treatment. The expression of
parkin, which was comparable in both stable cell lines
(Fig. 2A), resulted in a similar inhibition of caspase activation
in response to both C2 ceramide and staurosporine (Fig. 2D).

MES and both parkin-expressing lines were also analyzed
for their sensitivity to a third BH3 peptide, PUMA. PUMA
often demonstrated less cytochrome c release than Bid and
Bim, consistent with an indirect mechanism (15). We found
that PUMA caused a slight increase in the amount of cyto-
chrome c released relative to control (Fig. 3A). In parkin
expressing cells this release was slightly attenuated,
suggesting that parkin also inhibits PUMA-induced cyto-
chrome c release (Fig. 3A). HSP-60 and VDAC were used
to confirm equal loading (Fig. 3B).

Pathogenic parkin mutations do not affect mitochondrial
cytochrome c release

Mutations in the parkin gene are currently recognized as a pre-
dominant cause of autosomal recessive familial parkinsonism,
accounting for as much as 50% of familial early-onset PD
cases and 2—6% of late-onset PD cases (27,28). Within the
PARK?2 locus, diverse types of mutations are associated with
parkin-linked PD. Massive deletions, subtle missense
mutations and insertion of premature stop codons have been
found along the entire length of the parkin gene (29-31).
Since these are all presumed to result in loss of parkin func-
tion, we analyzed two distinct types of mutation, missense
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Figure 2. The anti-apoptotic effects of parkin are intrinsic to the mitochondria and can be observed in a cell-free system. (A) Human parkin was stably expressed
in two independent monoclonal MES cell lines. Whole cell lysates were probed for parkin and actin expression by western blot. (B) Mitochondria were isolated
from MES, MES myc-Parkin and MES HA parkin cells, protein normalized and incubated with DMSO, or 10 pMm of the purified BH3 domain peptides of Bid and
Bim at various concentrations. NP-40 (1%) was added to aliquots of each mitochondrial preparation to measure total cytochrome ¢ from each sample. Released
cytochrome ¢ was analyzed by western blot. (C) Caspase 3/7 activity was measured from MES and MES myc-Parkin cells 18 h after the treatment with vehicle or
1 pm C2 ceramide (mean + SEM, n = 20). Data were pooled across three independent experiments, # denotes statistically significant from control (P <
0.00001). (D) MES, MES myc-Parkin and MES HA-Parkin cells were treated with vehicle, 1 wm C2 ceramide or 300 nm staurosporine for 6 h and caspase
3/7 activity was measured (mean + SEM, n = 4), *denotes statistically significant from control (P < 0.001).

(R275W) and premature termination (W453X), for their influ-
ence on mitochondrial cytochrome c release.

These two pathogenic parkin mutations, along with wild-
type parkin, were stably expressed using lentivirus in MES
cells to generate an independent set of parkin-expressing
MES cell lines. The expression levels of all three parkin var-
iants are shown in Figure 4A. As before, mitochondria were
isolated from each cell line, protein normalized and incubated
with the BH3 peptides Bid or Bim. Both peptides stimulated
similar levels of cytochrome c release in naive MES cells,
compared with vehicle treatment alone as determined by com-
mercial ELISA analysis of three independent experiments
(Fig. 4B). A western blot is provided of a representative exper-
iment (Fig. 4C). As previously shown in two other
parkin-expressing cell lines (Fig. 2b), wild-type parkin
nearly eliminated BH3 peptide-induced cytochrome c release
(Fig. 4B and c). The levels of cytochrome c released by the
pore-forming antibiotic, alamethicin, were comparable in all
three cell lines, consistent with equal loading of mitochondrial
protein in each reaction mixture. However, neither of the
pathogenic parkin mutations had any effect on BH3
peptide-induced cytochrome c release, consistent with the
expectation of loss of function.

Association with the mitochondria is not sufficient for
parkin-dependent inhibition of cytochrome c release

Examination of our isolated mitochondria from the MES myc-
Parkin cells revealed the presence of very low but detectable
levels of parkin. To determine whether the association of
parkin with mitochondria may play a role in the parkin-
dependent inhibition of BH3 peptide evoked cytochrome c
release, we re-suspended mitochondria from naive MES
cells in soluble extracts taken from parental CHO cells, or
CHO cell stably expressing high levels of parkin (CHO-Parkin
cells). We then tested whether the high levels of parkin present
in the BH3 peptide assay would bind to the isolated mitochon-
dria and if this would have any effect on evoked cytochrome c
release. To repeat our previous data and compare,
side-by-side, the effects of parkin expressed in the cell prior
to mitochondrial isolation, we used MES myc-Parkin
derived mitochondria in parallel. Results showed that parkin
was found associated with mitochondria taken from MES
myc-Parkin cells (Fig. 5B), which show significant reduction
of evoked cytochrome c release (Fig. SA) consistent with pre-
vious data (Fig. 2B). Interestingly, even greater levels of
mitochondria-bound parkin were achieved by co-incubation
of MES mitochondria with the parkin-enriched extract than
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Figure 3. Parkin prevents PUMA peptide-induced cytochrome c release from mitochondria. (A) Mitochondria from the MES and MES myc-Parkin cell lines
were incubated with either DMSO or the purified BH3 domain of PUMA (10 pMm). Released cytochrome ¢ was detected by western blot. (B) Equal loading of
mitochondrial proteins was confirmed by western blotting the mitochondrial retained proteins for HSP 60 and VDAC. Images are representative of at least three

independent experiments, each performed in duplicate as shown.

that found in the mitochondrial fraction from the MES myc-
Parkin cells (Fig. 5B). However, the presence of high levels
of parkin in both the reaction supernatant (Fig. 5A) and at
the mitochondria (Fig. 5B) had no effect on BH3 peptide
induced cytochrome c¢ release (Fig. 5A, upper panel)
suggesting that parkin must be expressed in the live cell
prior to mitochondrial isolation to strongly influence cyto-
chrome c release.

Endogenous parkin regulates cytochrome c release
in human neuronal cells

In order to expand our investigation to include the effects of
parkin specifically in human neuronal cells, we analyzed
whether parkin alters the mitochondrial response to the apop-
totic BH3 peptides in the SH-SYS5Y human neuroblastoma cell
line. Human HA-parkin was stably introduced into SH-SYSY
cells via lentiviral delivery. Mitochondria from naive and
parkin-expressing cells were isolated and subject to BH3
peptide profiling, as previously described. Bid and Bim
induced robust release of cytochrome c¢ in SH-SY5Y cells
compared with vehicle (Fig. 6A, lanes 2 and 3). The levels
of BH3 peptide-induced cytochrome c release were dramati-
cally reduced in the mitochondria isolated from the
parkin-expressing SH-SYS5Y cells, compared with the naive
SH-SYSY control (Fig. 6A, lanes 8, 9 and 10), confirming
the effect of parkin on mechanisms governing stimulated
release of mitochondrial cytochrome c. Alamethicin and
NP-40 confirmed equal mitochondrial purity and loading
(Fig. 6A, lanes 5, 6, 11 and 12). Likewise, each of the mito-
chondrial pellets (except for the samples solubilized with
NP-40) was analyzed for the levels of cytochrome c retained
by the mitochondria throughout the experiment. The levels
of released cytochrome ¢ were inversely proportional to the
mitochondrial retained cytochrome ¢, as expected. Stable
expression of human parkin in SH-SYS5Y cells resulted in
increased mitochondrial retained cytochrome c¢ following the
treatment with Bid, Bim or PUMA peptides (Fig. 6B).

The human neuronal cell line SH-SYSY expresses detect-
able levels of endogenous parkin protein and has been effec-
tively used to study the role of endogenous parkin
expression by us (32,33) and other groups (30,34). Using a
lentiviral shRNA gene knockdown system (Invitrogen) we
engineered an SH-SYSY cell line that shows a 70% decrease
in parkin expression compared with wild-type, naive

SH-SYSY cells (Fig. 4C). To analyze the role of endogenous
parkin we purposefully used lower concentrations of BH3
peptide to avoid a ceiling effect. Previous work showed that
1 pM peptide elicits sub-maximal cytochrome c release that
is still significantly greater than the DMSO vehicle treatment
alone (Fig. 2B). At these reduced peptide concentrations,
Bid was the most potent peptide in eliciting cytochrome c
release from mitochondria isolated from SH-SYS5Y cells
(Fig. 6D, lanes 1-5). Although Bid was the only BH3
peptide to induce substantial cytochrome c release in the
naive SH-SYS5Y cells, all three peptides stimulated robust
cytochrome ¢ release from mitochondria isolated from the
parkin-deficient sShRNA SH-SYSY cells (Fig. 6D, top panel,
lanes 7, 8 and 9). In addition, the levels of Bid-induced
release were consistently greater in the parkin-deficient line
compared with the naive SH-SYS5Y cells (Fig. 6D, top panel,
lanes 2 and 7). Again, alamethicin was used as a positive
control to confirm that maximal cytochrome c¢ release was
similar across both preparations of isolated mitochondria.
Western blotting for mitochondrial cytochrome c¢ (Fig. 6D,
middle panel) and VDAC (Fig. 6D, bottom panel) levels
confirmed increased release in the parkin-silenced cells and
equal mitochondrial purity and loading across all samples,
respectively.

PINK1 expression does not influence the threshold
for cytochrome c release

To assess the specificity of parkin’s effects on mitochondria-
dependent cell death, we examined another autosomal
recessive PD-linked gene product, PINKI. PINKI1 is a
serine/threonine kinase with a functional mitochondrial target-
ing sequence and plays an important role in maintaining mito-
chondrial integrity. Several studies have hypothesized that
PINK1 functions in the same biochemical pathway as parkin
(24,25,35,36). Therefore, we compared the effects of parkin
and PINK1 on the threshold for mitochondrial cytochrome c
release.

The levels of Bid and Bim peptide-induced cytochrome ¢
release from MES mitochondria were similar throughout the
current study, as were the effects of parkin on both peptides.
Therefore, we chose to focus on one BH3 peptide in this
final analysis. Due to difficulty in generating stable cells
lines expression PINK1, MES cells were transiently trans-
fected to express human parkin or PINKI. In analyzing
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Figure 4. Pathogenic parkin mutations do not inhibit mitochondrial cytochrome c release. (A) Parental MES cells (MES) and lines stably expressing wild-type
parkin (WT Parkin) or parkin mutants R275W and W453X were lysed in NP-40 and immunoblotted for parkin expression and actin levels as a loading control.
(B) WT parkin and mutant-parkin expressing cell lines were incubated with either DMSO, 10 pum of the purified BH3 domain peptides of Bid or Bim, or ala-
methicin (Alm, 40 pwg/ml). Released cytochrome ¢ was quantified by ELISA with the data normalized to maximal cytochrome c release as determined by ala-
methicin treatment from each mitochondrial preparation. * Denotes statistically significant from control (P < 0.05, n = 3). (C) Western blot of a representative
experiment reveals the failure of mutant parkin to influence mitochondrial cytochrome c release whereas wild-type parkin dramatically reduces BH3 peptide

induced cytochrome c release.

conditions for transient transfection, data showed that parkin
must be expressed for at least ~48 h to confer protection
against BH3 peptide induced cytochrome ¢ release
(Fig. 7A). Western blot confirmed the transient expression of
both proteins (Fig. 7B). Mitochondria were then isolated
from these cells and subjected to a Bim BH3 peptide
(10 ™) release assay. Released cytochrome ¢ was analyzed
from a representative experiment by Western blot (Fig. 7C)
and pooled data across multiple independent experiments
were studied by densitometric analysis (Fig. 7D). Our results
show that Bim peptide stimulated cytochrome c¢ release in
all three conditions, compared with vehicle alone (Fig. 7C
and d). However, transient transfection with a parkin cDNA
construct resulted in a statistically significant reduction in
mitochondrial cytochrome c release. These results with transi-
ently transfected parkin are consistent with our previous find-
ings in cells lines where parkin is stably expressed (Figs 2—6).
The transient overexpression of PINK1 had no effect on the
threshold for cytochrome c release. Alamethicin was used to
determine the total levels of cytochrome c in each mitochon-
drial preparation.

DISCUSSION

PD is one of the most prevalent progressive neurodegenerative
diseases but despite decades of research the etiology of PD
remains unclear. Although the vast majority of PD cases are
sporadic in nature, the genetics underlying the less common
familial forms of this disease may provide critical clues to
the molecular pathways involved in the unique pathology
(37). Loss-of-function mutations within the PARK2 locus,

encoding the ubiquitin E3 ligase parkin, are the most
common cause of autosomal recessive PD (4,5). Although
numerous substrates of parkin have been proposed, the essen-
tial function of parkin within neuronal populations remains
unknown. One universal observation is that parkin expression
is broadly associated with enhanced cell survival in the
context of diverse and unrelated neurotoxic stimuli. Data
from murine and fly models of parkin deficiency also indicate
a potent influence of parkin on mitochondrial function (8,38).
In this study, we sought to analyze whether the pro-survival
effects of parkin and its mitochondrial influence are linked
through an alteration in mitochondrial control of cell death.
Specifically, we tested whether parkin directly alters the intrin-
sic threshold for cytochrome c release from isolated mitochon-
dria. By studying mitochondria in a cell-free system and
triggering cytochrome c release with downstream apoptotic
activators, we can directly assess mitochondrial behavior in
a context and stimulus independent manner. This allows us
to ask whether parkin fosters a change in the basal response
of mitochondria to cellular stress, and to determine whether
fundamental changes in the mitochondrial response to apopto-
tic triggers may play an important role in the pro-survival
effects of parkin.

We report here that the ectopic expression of parkin results
in a dramatic decrease in the BH3 peptide-induced release of
cytochrome c¢ from isolated mitochondria. This effect was
observed in multiple monoclonal and polyclonal lines pro-
duced in the MES cell background (Figs 2—5), a rodent neuro-
blastoma line derived from primary cultured neurons of the rat
substantia nigra (39). Furthermore, nearly identical data were
obtained from mitochondria isolated from human SH-SYS5Y
neuroblastoma stably over-expressing human parkin (Fig. 6),
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Figure 5. The association of parkin with mitochondria is not sufficient for
inhibition of evoked cytochrome c release. Mitochondria from the MES and
MES myc-Parkin cell lines were incubated with either DMSO, the purified
BH3 domain of Bim (10 wMm), or alamethicin (Alm, 40 pg/ml) with normal
Experimental Buffer. In addition, mitochondria isolated from parental MES
cells were incubated with soluble parkin-free extract from CHO™ cells, or
parkin-enriched extract from CHO-Parkin cells. Reactions were then centri-
fuged at 25 000g for 10 min, to obtain (A) the released cytochrome ¢ super-
natant which was probed for released cytochrome c and the presence of
parkin and (B) the mitochondrial pellet which was probed for VDAC as a
loading control, and for mitochondria-associated parkin. * Denotes a non-
specific signal in a non-loaded lane coming from the adjacent lane. This
image is a representative of at least three independent experiments.

and CHO cell lines (not shown). Pathogenic mutations in the
parkin gene are found throughout the coding sequence, and
can occur as subtle missense mutations, massive deletions or
premature termination signals, indicating a consensus
loss-of-function association with PD (27,29-31). To deter-
mine whether pathogenic, loss-of-function mutations in
parkin can influence mitochondrial cytochrome c release as
does wild-type parkin, we stably introduced wild-type,
R275W and W453X parkin into an independent series of
MES cells, isolated mitochondria from each line, and con-
ducted the BH3 peptide profiling as before. Results showed
that neither the missense mutant (R275W) nor the premature
stop-codon mutant (W453X) had any effect on this property
of mitochondrial function, whereas wild-type parkin dramati-
cally reduced cytochrome c release (Fig. 4). These data
suggest that the direct influence of parkin on mitochondrial
cytochrome c¢ release may be pathogenically relevant, as
subtle PD-linked loss-of-function mutations in the parkin
coding sequence are true loss-of-function mutations with
regard to this function, as well.

Recent data have suggested that parkin can associate
directly with mitochondria either under basal conditions
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(26,40,41), or specifically following mitochondrial depolariz-
ation (42). To determine whether the observed inhibition of
cytochrome c release was linked to the binding of parkin to
mitochondria, we examined the effects of exogenously
applied parkin in the BH3 assays. Although, we found that
low levels of parkin could bind to isolated mitochondria
in vitro, this was not associated with inhibition of cytochrome
c release. Furthermore, we explored another variable in this
particular mitochondrial function of parkin, and found that
parkin must be expressed for a minimum of ~48 h prior to
the isolation of mitochondria to observe parkin-dependent
inhibition of cytochrome c release (Fig. 7A). This effect was
not due to the absolute expression levels of parkin, as stable
cell lines expressing low levels of parkin demonstrated
greater inhibition of cytochrome c release than after transient
transfection at early time points (<48 h), where parkin
expression was significantly greater (not shown). Taken
together, these data indicate that parkin must be expressed
within the cytoplasm for some minimum critical period
before the intrinsic properties of the mitochondria are affected.
These data may be consistent with the time required for turn-
over of a particular set of parkin substrates, or to allow turn-
over of the pool of mitochondria itself.

To address the influence of endogenous parkin levels on the
mitochondrial control of cell death, we targeted the expression
of parkin using the lentiviral delivery of parkin-directed
shRNA into SH-SY5Y neuroblastoma cells, a cell culture
system routinely used to analyze endogenous parkin function
(30,32,34). Here, the parkin expression was reduced by 70%
of endogenous levels. Despite the incomplete disruption of
parkin expression, this level of silencing was sufficient to
unmask an important role of endogenous parkin in regulating
the mitochondrial control of cytochrome c¢ release and
downstream apoptosis. Mitochondria isolated from the parkin-
deficient SH-SYS5Y cells consistently showed increased
cytochrome c release in response to sub-maximal stimulation
with BH3 peptides compared with naive SH-SYS5Y cells
(Fig. 4). These data suggest that under conditions in which
parkin expression is naturally high, such as in neurons,
parkin plays an important role in dampening the apoptotic
response of mitochondria by attenuating cytochrome c
release. This interpretation is consistent with the broad pro-
survival effects of parkin, as one would expect parkin to act
at a downstream step in the cell death pathway for it to
potently interfere with the toxicity of such a diverse series
of stressors.

Recent genetic studies in Drosophila have suggested that
another autosomal recessive PD-linked gene, PINK 1, might
function in the same biochemical pathway as parkin. This
hypothesis has been supported by the fact that knockout of
either gene in Drosophila results in similar phenotypes and
that parkin could partially rescue the severe abnormalities
of the PINK1-null fly (24,25). However, since parkin was
documented early on as a pro-survival gene, and more
recent data suggest that parkin can be up-regulated under
specific conditions to overcome cell stress (30,43,44), it is
not clear whether the partial rescue observed in the PINKI1
null flies was merely another manifestation of the pro-
survival effects of parkin. Moreover, the over-expression
of PINKI1 does not recapitulate the broad and potent
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Figure 6. Endogenous parkin regulates the apoptotic release of cytochrome ¢ from mitochondria. (A) The ectopic expression of parkin in SH-SY5Y cells sub-
stantially attenuates the BH3 peptide induce cytochrome c release from isolated mitochondria, with a concomitant decrease in the retained cytochrome ¢ (B), as
determined by western blot. Equal loading of mitochondrial proteins was confirmed by western blot analysis of VDAC. (C) Whole cell lysates from naive
SH-SYSY cells and those stably transduced with a lentivirus encoding an shRNA directed against the expression of endogenous parkin were probed by
western blot for both parkin and actin levels. (D) Mitochondria from SH-SY5Y cell lines with and without shRNA against parkin expression were incubated
with DMSO vehicle, 1 um of the purified BH3 domain peptides of Bid, Bim and PUMA, alamethicin (40 pg/ml), or 1% NP-40. Released and retained cyto-

chrome ¢, and mitochondrial VDAC levels were analyzed by western blot. (D)

pro-survival effects of parkin, suggesting that perhaps the
links between parkin and PINKI1 function are more
complex. To determine whether these two autosomal reces-
sive PD gene products both influence the intrinsic response
of mitochondria to apoptotic stimuli, we transiently trans-
fected either empty vector, parkin or PINKI into MES
cells and conducted BH3 peptide profiling on the isolated
mitochondria from each condition. Consistent with our
data obtained in numerous stable cell lines expressing
parkin, transient transfection with parkin significantly
decreased mitochondrial cytochrome c release. However,
the over-expression of human PINK1 had no effect on mito-
chondrial cytochrome c release (Fig. 7). Although not stat-
istically significant, we actually observed that PINKI
expression tended to promote cytochrome c release, in
direct opposition to the pronounced effects of parkin.
These data suggest that whereas similarities exist in parkin
and PINKI null animal models and that there may be
some functional overlap between these two PD-linked pro-
teins, parkin and PINK1 do not share a common influence
on the mitochondrial control of cell death.

is representative of at least three independent experiments.

Previous studies have analyzed the pro-survival effects of
parkin either in vivo or in cell culture systems. One study
has specifically observed reduced cytochrome c release by
parkin in whole cells (26). Here, we have taken the novel
approach to examine whether the potent pro-survival and anti-
apoptotic effects of parkin that have been reported by numer-
ous groups could be attributed to parkin-dependent changes in
autonomous mitochondrial behavior. Since mitochondria are
not static, uniform organelles and their response to apoptotic
stimuli can be influenced by cytosolic factors this question
was best addressed by analyzing isolated mitochondria. We
sought to determine whether the levels of cytoplasmic
parkin prior to isolation had altered intrinsic, long-term mito-
chondrial properties consistent with a potent pro-survival
function in whole cells. By analyzing the ectopic expression
of wild-type and PD-linked mutant parkin, as well as the
role of endogenous parkin, we have determined that parkin
alters the intrinsic mitochondrial response to apoptotic trig-
gers, dampening cytochrome c¢ release, which would then
decrease the downstream activation of caspase 9, and the
later effector caspases 3 and 7, as we have shown in intact
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Figure 7. PINK1 does not prevent BH3 peptide-induced cytochrome c release (A) A representative western blot analysis of released cytochrome c release in a
BH3 peptide assay following transient transfection to express parkin at 24 and 48 h. (B) Western blot analysis of whole cell lysates from MES cells lines tran-
siently transfected with empty vector, wild-type parkin or PINK1. (C) Mitochondria were isolated 48 h after transient transfection with an empty vector control,
parkin, or PINK1 and subject to a BH3 peptide assay. Western blot analysis of the Bim (10 M) and alamethicin (Alm, 40 wg/ml) induced cytochrome c release
demonstrates the effects of transiently expressed parkin and PINK1 on cytochrome c release. (D) Data from three independent experiments were analyzed by
densitometry and normalized to the maximal cytochrome c release from each mitochondrial preparation (as determined by alamethicin treatment). *Denotes
statistically significant from control (P < 0.05, n = 3) and 7 is significant from PINK1 (P < 0.05, n = 3).

cells (Fig. 2). By acting at such a convergent and late step in
the cell death pathway, influencing cytochrome c release is
both an efficient and effective means to promote cell survival
under otherwise apoptotic conditions. However, it seems
likely that there are other mitochondrial properties affected
by parkin; the role of parkin in mitochondrial behavior and
response to stress may not be limited to the threshold for cyto-
chrome c release. Parkin has been recently observed to trans-
locate to dysfunctional mitochondria and promote their
autophagic degradation (42). However, since these effects
were specific to conditions immediately following collapse
of the mitochondrial membrane potential and took many
hours to manifest, these important findings are not likely
related to the effects reported here where mitochondria were
harvested and analyzed from unstressed cells.

Although growing evidence supports the potent protective
function of parkin, studies at the message and protein levels
have suggested that parkin is utilized by the cell in an adaptive
survival response to certain stimuli. However, there is an
equally well-studied biochemical vulnerability of the parkin
protein, as it is prone to mis-folding, aggregation, and inacti-
vation in the face of oxidative and metabolic stress
(32,33,45,46). An important question arising from these

studies is how does parkin prevent cell death when it is
acutely inactivated during cell stress? We believe that the
current data may address this issue. We have observed that
the pro-survival effects of parkin routinely observed at the
whole-cell level can be readily studied in a cell-free system
at the level of the mitochondrion. Therefore, the protective
effects of parkin may not require acute E3 ligase activity
but involve fundamental changes in the response of mitochon-
dria to cell stress that persist acute stress-induced parkin
inactivation.

In conclusion, our data suggest that one role of parkin is the
regulation of mitochondrial cytochrome c release, thus modi-
fying the apoptotic response of the cell. We have determined
that this effect is specific to parkin, as loss-of-function patho-
genic mutations in parkin abrogate this function. Furthermore,
the related PD-linked protein, PINKI1, fails to recapitulate
these effects. These data are consistent with numerous findings
such as those from cells cultured from parkin-linked PD
patients which show increased propensity for apoptotic cell
death (47,48), and the spontaneous apoptosis reported in
parkin-null Drosophila (7,8). Therefore, genetic loss of
parkin function may predispose certain neuronal populations
to apoptotic cell death, perhaps specifically involving the
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mitochondrial threshold for cytochrome c release. Future work
will be required for the difficult task of identifying the specific
parkin substrates or larger pathways responsible for these
effects.

MATERIALS AND METHODS
Cell culture, plasmids and transfection methods

The rodent midbrain dopaminergic MES23.5 (MES) cells (39)
were cultured in Dulbecco’s Modified Eagle’s Media
(DMEM) with 10% fetal bovine serum and 5%
heat-inactivated new born calf serum with penicillin and strep-
tomycin, as previously described (33). MES cells stably
expressing human myc-parkin (MES-Parkin) and HA-parkin
(MES HA-Parkin), and parental and parkin-expressing
Chinese Hamster Ovary cells (CHO and CHO-Parkin, respect-
ively) were cultured as previously characterized (33).
HA-parkin and myc-parkin cDNA were cloned into lentiviral
expression vector pCDH-MCSI-EF1-Puro (Systems Bio-
sciences, CA, USA) and point mutations were then introduced
using QuikChange Site-directed mutagenesis kit (Stratagene).
In order to generate lentivirus, these constructs were
co-transfected with ViraPower Packaging Mix (Invitrogen)
into HEK293FT cells according to manufacturer’s protocol.
Conditioned medium containing viral particles was cleared
using a 0.22 pm filtration system (Millipore) and then used
to stably transduce SH-SYS5Y or MES cells. Human HEK
293FT and SH-SYS5Y cells were cultured in DMEM with
10% fetal bovine serum with penicillin and streptomycin.

To generate SH-SYSY cells with stable parkin knockdown,
human parkin shRNA expression plasmids were constructed
using the Block-iT U6 system (Invitrogen). Sense and anti-
sense oligonucleotides generated using a hairpin sequence
(GCTTAGACTGTTTCCACTTAT) were annealed and
ligated into pENTR/U6 resulting in pENTR/U6/parkin. Sub-
sequently, the U6 shRNA cassettes were transferred into
pLenti6/BLOCK-iT-DEST using Gateway site-specific recom-
bination resulting in pLenti6/Block-iT parkin that was used to
produce lentiviral particles as described above.

Mitochondrial isolation and BH3 peptide profiling

Cells were collected, washed in ice-cold PBS and maintained
at 4°C throughout the isolation procedure. Pellets were then
resuspended in 1 ml Isolation Buffer (200 mm Sucrose,
10 mm TRIS/MOPS, 1 mm EGTA/TRIS) and lysed using 20
gentle strokes of a Potter-elvehjem Dounce homogenizer.
The resulting homogenate was then drawn with an 18.5 G
needle and expelled through a 27.5 G needle 10 times. The
homogenates were centrifuged at 200g for 5 min and the
nuclear pellet was discarded. The remaining supernatant was
centrifuged at 10 000g for 10 min. Cytosolic fractions were
collected and mitochondrial pellets were resuspended in Iso-
lation Buffer (50—100 wl). Purified Bcl-2 from prepared as
previously described (12).

The mitochondrial protein content was then normalized
using the DC Protein Assay (Bio-Rad, Hercules, CA, USA).
For peptide reactions, 0.5 mg/ml mitochondria (final concen-
tration) were diluted in Experimental Buffer (125 mm KCl,

10 mm Tris/MOPS, 5 mMm Glutamate, 2.5 mm Malate, 1 mm
KPhos, 10 pm EGTA/TRIS). HPLC purified BH3 peptides
(0.1-10 pm final concentration) were custom synthesized
(Tufts University Core Facility, Boston, MA, USA) and
added to diluted mitochondria and incubated for 35 min at
room temperature. The sequences for the synthetic BH3
domain peptides of Bid, Bim and PUMA were EDIIRNIARH
LAQVGDSMDR, MRPEIWIAQELRRIGDEFNA and EQWA
REIGAQLRRMADDLNA, respectively. Following the incu-
bation, reactions were centrifuged at 25 000g for 10 min to
obtain the released cytochrome c supernatant and mitochon-
drial pellet. Alamethicin (40 pg/ml) and/or NP-40 (1%) were
used as positive controls to induced maximal cytochrome c
release during BH3 peptide assays. The mitochondrial pellet
was then lysed in an equal volume of 1% NP-40 with
protein inhibitor cocktail and incubated on ice for 25 min.
The NP-40 insoluble material was centrifuged at 6000g for
10 min and discarded; the extracted mitochondrial proteins
were analyzed.

Parkin-free and parkin-enriched extracts were derived from
CHO and CHO-Parkin cells, respectively. Cells were collected
and washed in ice-cold PBS, resuspended in 0.5 ml of Exper-
imental Buffer and mechanically disrupted using 20 gentle
strokes of a Potter-elvehjem homogenizer. The resulting hom-
ogenate was then centrifuged at 100 000g for 45 min and the
pellet was discarded. The resulting supernatant was then cen-
trifuged a second time to remove insoluble material. The
remaining supernatant was protein normalized and used as a
substitute for regular Experimental Buffer prior to the addition
of vehicle (DMSO), BH3 peptide or alamethicin.

Western blot

Fractionated samples obtained as described above were pre-
pared under reducing conditions in 4x Laemmli buffer and
heated at 65°C for 5 min. For western blotting, samples
were loaded onto Novex (Invitrogen) or Criterion (Bio-Rad,
Hercules, CA, USA) Tris-Glycine or Tris-Tricine pre-cast
gels, transferred onto polyvinylidene fluoride membranes
(Millipore, Billerica, MA, USA) and probed for cytochrome
¢ (sc-13560; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and PRKS (sc-32282; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), VDAC (PA1-954A; Cell Signaling,
Danvers, MA, USA) or actin (ab6276; Abcam, Cambridge,
MA, USA). HSP-60 (4870S; Cell Signaling, Danvers, MA,
USA) was also used as a loading control. MES cells transi-
ently expressing parkin or PINK1 were probed for both
parkin (PRK8) and PINK1 (NB100-494); NOVUS
Biologicals, Littleton, CO, USA). Secondary antibodies
and ECL-plus were purchased from GE Healthcare
(Buckinghampshire, UK). Following ECL application, blots
were exposed to HyBlot Cl autoradiography film (Metuchen,
NJ, USA). Blots were stripped in 1x Stripping Buffer
(62.5 mmol/l Tris pH 6.8, 2% SDS, 7.6% BME) at 55°C for
10 min and washed 3 x 10 min in 0.1% PBS/Tween and sub-
jected to standard western blotting conditions. Densitometry
was calculated using AlphaEase Automatic Image Capture
(San Leandro, CA, USA). Data were compared using a one
way ANOVA followed by a Tukey’s Multiple Comparison
post hoc test.



Caspase 3/7 assay

Cells were plated at 2.5 x 10° per well in a 96-well microplate
and incubated for 24 h prior to the addition of various cell
stressors. C2 ceramide and staurosporine were added at con-
centrations of 1 pm and 300 nMm, respectively, and incubated
at 36°C for 6—18 h. Caspase 3/7 activity was determined
using a fluorogenic substrate kit (AnaSpec, San Jose, CA,
USA) and quantifying signal intensity (Ex/Em = 380 nm/
500 nm) on a Wallac Victor 2 Multi-label Counter according
to the manufacturer’s instruction. Data were compared using
either a r-test (Fig. 2C) or a two way ANOVA followed by
a Bonferroni post-hoc test (Fig. 2D).

ELISA

Fractionated samples obtained as described above were pre-
pared in a 96-well microplate pre-coated with a mono-
clonal antibody specific for rat/mouse cytochrome c. The
microplate and all reagents were obtained from R&D
systems (Minneapolis, MN, USA) and the assay was pre-
formed according to the manufacturer’s protocol. Briefly, con-
jugate, standards and samples were pipetted into the wells and
incubated at room temperature for 2 h. Following a series of
washes, a substrate solution was added to the wells for
30 min followed by a stop solution. The color intensity of
the standards and samples were calculated at 450 nm using
the SoftMax Pro Software on a SpectraMax Plus spectropho-
tometer. Data were compared using a one way ANOVA
followed by a Tukey’s Multiple Comparison post-hoc test.
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