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Mitochondrial dysfunction and perturbed degradation of proteins have been implicated in Parkinson’s dis-
ease (PD) pathogenesis. Mutations in the Parkin and PINK1 genes are a cause of familial PD. PINK1 is a puta-
tive kinase associated with mitochondria, and loss of PINK1 expression leads to mitochondrial dysfunction,
which increases with time. Parkin is suggested to be downstream of PINK1 and also mediates the removal of
damaged mitochondria by macroautophagy (mitophagy). We investigated whether mitochondrial dysfunction
in dopaminergic SH-SY5Y cells following decreased PINK1 expression by RNAi may in part be due to the inhi-
bition of mitophagy. Reduced flux through the macroautophagy pathway was found to be coincident with the
inhibition of ATP synthesis following 12 days of PINK1 silencing. Overexpression of parkin in these cells
restored both autophagic flux and ATP synthesis. Overexpression and RNAi studies also indicated that
PINK1 and parkin were required for mitophagy following CCCP-induced mitochondrial damage. The ubiqui-
tination of several mitochondrial proteins, including mitofusin 1 and mitofusin 2, were detected within 3 h of
CCCP treatment. These post-translational modifications were reduced following the silencing of parkin or
PINK1. The ubiquitination of mitochondrial proteins appears to identify mitochondria for degradation and
facilitate mitophagy. PINK1 and parkin are thus required for the removal of damaged mitochondria in dopa-
minergic cells, and inhibition of this pathway may lead to the accumulation of defective mitochondria which
may contribute to PD pathogenesis.

INTRODUCTION

The mechanisms contributing to the pathogenesis of the neu-
rodegenerative disorder Parkinson’s disease (PD) are still
unclear. Mitochondrial dysfunction and the mishandling/per-
turbed degradation of proteins have both been implicated in
the loss of dopaminergic neurons (1,2).

Deficiency of complex I activity of the mitochondrial elec-
tron transport chain (ETC) has been reported in the substantia
nigra of PD brains (3), while complex I inhibitors such as
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine and rotenone
can induce parkinsonian features in humans and animal
models (4,5). High levels of mitochondrial DNA deletions

occur in the dopaminergic neurons of the substantia nigra of
aged individuals and patients with parkinsonism (6).

The presence of protein inclusions known as Lewy bodies in
the surviving dopaminergic neurons of the substantia nigra is a
hallmark of PD. The predominant protein found in Lewy
bodies is alpha-synuclein, and the perturbed degradation of
this protein by the ubiquitin/proteasome system (UPS) and/
or lysosomes via chaperone-mediated autophagy or macroau-
tophagy has been proposed to contribute to the formation of
these inclusions (2). Decline in the UPS and autophagy
occurs with ageing (the greatest risk for developing PD),
and inhibition of autophagy has been implicated in several
neurodegenerative disorders including PD (2,7,8).
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Genes associated with familial forms of PD further support
the role of mitochondria and protein quality control in disease
pathogenesis (9), in particular, the PINK1, Parkin and
ATP13A2 genes, which encode for a mitochondrially targeted
serine/threonine kinase, an E3 ubiquitin-protein ligase and a
lysosomal ATPase, respectively (10–12).

Loss of PINK1 function in mammalian models has been
reported to result in the inhibition of the ETC, increased oxi-
dative stress, changes in mitochondrial calcium homeostasis,
increased susceptibility to apoptosis and impaired dopamine
release and synaptic plasticity (13–22). PINK1 deficiency in
Drosophila also causes loss of mitochondrial integrity and
dopaminergic neuronal loss (23,24). The use of PINK1 and
Parkin Drosophila models indicated that parkin acts down-
stream of PINK1 to protect mitochondrial integrity and that
they genetically interact with components responsible for the
fission and fusion of mitochondria (23–26). These studies
suggested that loss of PINK1/parkin function leads to
increased mitochondrial fusion. The role of PINK1/parkin in
mitochondrial fission and fusion in mammalian cell models
is less clear, with reports suggesting increased fission upon
loss of PINK1 (27–29) or that increased fission only occurs
secondary to impaired oxidative phosphorylation (14,30).
Conversely, increased mitochondrial aggregation in PINK1-
deficient neurons was reported following proteasomal stress
(22).

The presence of PINK1 and parkin in a common signalling
pathway and subsequent reports suggesting that they directly
interact (31,32) led to the hypothesis that parkin is not only
involved in ubiquitinating cytosolic protein substrates for
degradation by the UPS, but is also involved in mitochondrial
homeostasis. The discovery that parkin translocates from the
cytoplasm to depolarised mitochondria and promotes their
degradation by the autophagy–lysosome pathway (also
termed mitophagy) supported this notion (33). Subsequently,
it has been established that PINK1 is required for the recruit-
ment of parkin to depolarized mitochondria in mammalian
(34–35) and Drosophila cells (36). The recruitment of
parkin to the mitochondria has been reported to result in the
ubiquitination of the mitochondrial proteins VDAC1 (35)
and mitofusin (36), in mammalian and Drosophila cells,
respectively.

Previously, we have reported that silencing of PINK1 in the
human dopaminergic neuroblastoma SH-SY5Y cell line
results in mitochondrial dysfunction and oxidative stress,
which increases with time (13). Differentiated neurons with
PINK1 deficiency also exhibit increasing oxidative stress
with time and a significant increase in mitochondrial mass
30 days post-silencing (16). A progressive inhibition of mito-
chondrial respiration, accumulation of abnormal mitochondrial
morphology and increased oxidative stress have also been
reported in two mice PINK1 knockout models (20,22). Our
hypothesis is that PINK1 deficiency results in the decreased
removal of damaged mitochondria by mitophagy, causing
mitochondria to accumulate, resulting in an increased pro-
duction of reactive oxygen species that will further exacerbate
mitochondrial damage.

We report here that the inhibition of ATP synthesis follow-
ing long-term PINK1 silencing correlates with reduced flux
through the autophagy–lysosome pathway. Overexpression

of parkin restores both flux and ATP synthesis. The involve-
ment of PINK1 and parkin in mitophagy was further investi-
gated in an acute model of mitochondrial damage [carbonyl
cyanide-m-chlorophenylhydrazone (CCCP) dissipation of
mitochondrial membrane potential]. An increase in the ubiqui-
tination of a number of mitochondrial proteins correlates with
the induction of mitophagy, including the fusion factors of the
outer membrane, mitofusins 1 (MFN-1) and 2 (MFN-2). These
post-translational modifications are reduced following either
PINK1 or parkin silencing. Our results indicate that the ubi-
quitination of MFN-1 and MFN-2 precedes the removal of
damaged mitochondria and is thus an early event in mito-
phagy. The role of ubiquitination in facilitating mitophagy is
discussed, including a putative effect on mitochondrial
fission, which is required for mitophagy to proceed (37).

RESULTS

Silencing of PINK1 in SH-SY5Y cells has previously been
shown to inhibit ATP synthesis (13). Since parkin has been
reported to be downstream of PINK1, the effect of overexpres-
sion of parkin on ATP synthesis was investigated. PINK1
silencing in SH-SY5Y cells significantly decreased mitochon-
drial oxidative phosphorylation using all three substrates used
in agreement with our previous findings (Fig. 1A; P , 0.05)
(13). However, oxidative phosphorylation was not decreased
in PINK1-silenced cells with increased parkin expression
(Park OE cells). Similar results were achieved using a differ-
ent combination of PINK1 siRNA sequences (Supplementary
Material, Fig. S1). These results suggest that parkin is able
to negate the effect of PINK1 deficiency consistent with
parkin acting downstream of PINK1.

Since parkin has been shown to be involved in the removal
of damaged mitochondria (33,34), the induction of macroauto-
phagy was investigated in PINK1-silenced cells. Basal macro-
autophagy in SH-SY5Y cells treated with PINK1 siRNA for
12 days was assessed by measuring the post-translational
modification of the LC3 protein. Upon activation of autop-
hagy, LC3 undergoes cleavage to form LC3-I and then conju-
gation to phosphatidylethanolamine to form LC3-II, which
then binds to the autophagosome that envelops the cargo for
degradation. This process was followed by western blot and
basal autophagy determined by measuring the LC3-II/LC3-I
ratio normalized to b-actin (38). Following PINK1 silencing,
the LC3-II/LC3-I ratio, and thus basal autophagy, was
decreased by 35% (P , 0.05; n ¼ 5), when compared with
SH-SY5Y cells treated with scrambled control siRNA
(Fig. 1B). Whereas cells overexpressing parkin (Park OE)
had LC3-II/LC3-I ratios similar to control cells, PINK1 knock-
down in these cells caused an even greater decrease (60%) in
the LC3-II/LC3-I ratio level (P , 0.05; n ¼ 6), when com-
pared with SH-SY5Y cells overexpressing parkin (Park OE)
treated with control siRNA (Fig. 1B). This suggests that the
steady-state levels of LC3-II are decreased in both normal
and parkin overexpressing cells with decreased PINK1
expression.

Although western blot analysis of LC3-II gives an indi-
cation of the level of autophagic vesicles, to understand the
impact on the rate of autophagy, it is important to identify if
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the flux of LC3-II through the autophagy pathway has been
altered. To measure the flux through the autophagy–lysosome
pathway, LC3-II levels were measured in the presence of the
lysosomal inhibitors pepstatin A and E64d (38). Under these
conditions, LC3-II levels in Park OE cells with depleted
PINK1 were now similar to control and were significantly
increased (P , 0.05; n ¼ 5), when compared with Park OE
cells with PINK1-silencing under basal conditions (Fig. 1B).
Conversely, treatment of PINK1-silenced SH-SY5Y cells
with lysosomal inhibitors still resulted in decreased LC3-II
levels, when compared with cells treated with control siRNA
(Fig. 1B). These results indicate that PINK1 silencing leads
to decreased autophagy flux and this phenomenon was
reversed by the overexpression of parkin. Since ATP synthesis
was not inhibited in PINK1-silenced cells overexpressing
parkin, this implies that the decrease in autophagy in PINK1-
silenced cells might be a result of the inhibition of mitophagy,
which results in an accumulation of damaged mitochondria.

To investigate further the role of PINK1 and parkin in mito-
phagy, an acute model of mitochondrial damage was used.
SH-SY5Y cells were treated with 10 mM CCCP to dissipate

the mitochondrial membrane potential and induce mitophagy
as previously described (33,34). The decrease in mitochondrial
content over time was measured by assaying the activity of
citrate synthase (CS), a citric acid cycle enzyme used to
measure mitochondrial mass in cells and tissue (16,39–41).
CS activity is generally unaffected upon significant mitochon-
drial dysfunction such as the inhibition of the ETC (40) or the
depletion of mtDNA (41), provided there is no accompanying
cell death. Therefore, any changes in the activity are typically
indicative of mitochondrial content (16,39). Treatment with
CCCP resulted in a significant decrease in mitochondrial
mass in both normal SH-SY5Y cells containing an empty
vector and parkin overexpressing cells (P , 0.01; n ≥ 3)
(Fig. 2A). To confirm that the 79% decrease in CS activity
in Park OE cells after 24 h of CCCP treatment was due to
loss of mitochondria, the protein levels of two mitochondrial
proteins were measured by western blot (Fig. 2B). Expression
of both TFAM (encoded by the nucleus) and MTCOII
(encoded by the mitochondria) were decreased.

The influence of parkin levels on CCCP-induced mitochon-
drial degradation was studied in SH-SY5Y cells with decreased
levels of endogenous parkin levels using the constitutive

Figure 1. ATP synthesis and autophagy flux after 12 days of PINK1 silencing.
SH-SY5Y cells or Park OE cells were transfected with PINK1 siRNA #2 or
control siRNA for 12 days. (A) Cells were harvested by trypsinization, per-
meabilized with digitonin and incubated with glutamate + malate (complexes
I, III, IV), succinate + rotenone (complexes II, III, IV) or ascorbate + TMPD
(complex IV) at 378C to measure ATP synthesis. ATP was measured by a luci-
ferase assay and normalized to cell number. Data are expressed as % control
siRNA ATP synthesis (mean+SEM; n ¼ 5). ∗P , 0.05 versus control
siRNA. (B) Cell lysates were prepared from untreated cells (basal) or cells
treated with the lysosomal inhibitors E64d and pepstatin A (both 10 mg/ml)
for 3 h. Western blots were probed with LC3 antibody and equal protein
loading was assessed using an antibody against b-actin. The density of
bands was measured and the LC3-II/LC3-I ratio was normalized to b-actin.
Data are expressed as % of control siRNA-treated cell lines under basal con-
ditions or in the presence of lysosomal inhibitors (n ¼ 5). ∗P , 0.05 versus
ParkSH + siRNA under basal conditions.

Figure 2. CCCP-induced mitophagy requires parkin and PINK1 expression.
(A) SH-SY5Y cells containing an empty vector (SH) or Park OE cells were
treated with vehicle [0.05% (v/v) ethanol] or 10 mM CCCP, lysed and CS
activity assessed. Data are expressed as % CS activity of vehicle-treated
cells (mean+SEM; n ¼ 5). ∗P , 0.05 versus vehicle and ∗∗P , 0.01
versus vehicle. (B) Cells were treated with vehicle or CCCP for 24 h, lysed
and mitochondrial protein expression (TFAM, MTCOII) assessed by
western blot. Equal loading was assessed by probing for GAPDH. Blot repre-
sentative of four separate experiments. (C) Normal SH-SY5Y cells (control),
parkin KD cells or Park OE cells were treated with vehicle or CCCP for 16 h,
lysed and CS activity measured. Data are expressed as nmol/min/mg protein
(mean+SEM; n ¼ 5). ∗P , 0.05 versus vehicle and ∗∗P , 0.01 versus
vehicle. (D) SH-SY5Y cells or Park OE cells were treated with PINK1
siRNA or control siRNA for 72 h. For the last 16 h, cells were treated with
vehicle or CCCP. CS activity was then measured. Data are expressed as
nmol/min/mg protein (mean+SEM; n ¼ 5). ∗P , 0.05 versus control
siRNA + CCCP and ∗∗P , 0.01 versus control siRNA + CCCP.

Human Molecular Genetics, 2010, Vol. 19, No. 24 4863



expression of a shRNA targeted against parkin (Parkin KD;
Supplementary Material, Fig. S2), normal parkin levels
(control) and cells overexpressing parkin (Park OE). After
16 h of exposure to CCCP, there was a clear progression in
the decrease in mitochondrial content as parkin levels
increased (Fig. 2C). Similar to that observed in parkin-
depleted cells, the silencing of PINK1 expression for 72 h
using two independent siRNA combinations partially
decreased the CCCP-induced mitochondrial loss in normal
SH-SY5Y cells (Fig. 3D, P , 0.05). This observation was
more dramatic in Park OE cells with depleted PINK1 (P ,
0.01; Fig. 2D), confirming that PINK1 plays a key role in
parkin-mediated removal of depolarized mitochondria.

Parkin is an E3-ubiquitin ligase and has been suggested to
be recruited to damaged mitochondria. To investigate
whether this is associated with the ubiquitination of specific
proteins, mitochondria were isolated from SH-SY5Y contain-
ing an empty vector and Park OE cells following 3 h of CCCP
treatment. This timepoint was chosen to allow the recruitment
of parkin to mitochondria (33,34) but in the absence of signifi-
cant mitochondrial loss (Fig. 2A). CCCP treatment increased
the ubiquitination of mitochondrial proteins in Park OE cells
(Fig. 3A), which was not apparent in normal cells. A promi-
nent band was detected with a molecular mass of approxi-
mately 50 kDa. The identity of this band is unknown.
Several candidates have been investigated by western blot
including VDAC1 and prohibitin (Fig. 3B and C). No bands
of higher molecular weight indicative of ubiquitination were
detected for either protein following CCCP treatment for
3 h. The analysis of LC3-II levels in SH-SY5Y and Park OE
cell lysates indicates that the autophagy–lysosomal pathway
had been induced at this timepoint (Supplementary Material,
Fig. S3).

The dynamics of fission and fusion of mitochondria are
inter-related with mitochondrial turnover and under the
control of a variety of proteins including Drp-1, MFN-1 and
MFN-2 (37,42–44). As potential ubiquitination substrates
during mitophagy, mitochondrial preparations from
CCCP-treated Park OE cells were probed with antibodies
against Drp-1, MFN-1 and MFN-2. Mitofusin (also known
as Marf), the Drosophila homologue of MFN-1/2, has been
reported to be ubiquitinated following CCCP treatment of
Drosophila S2R+ cells (36). Although there was no evidence
for bands representing modified Drp-1 (Fig. 3D), both MFN-1
and MFN-2 had additional bands of higher molecular weight
(Fig. 3E and F, arrowheads). These band shifts are consistent
with monoubiquitination of MFN-1 (� 8.5 kDa) and diubiqui-
tination of MFN-2 (�16 kDa). Longer exposures indicated
further high-molecular-weight bands for MFN-1 (Fig. 3E),
which suggests that MFN-1 does undergo multiple ubiquitina-
tion modifications upon mitophagy induction.

The putative ubiquitination of MFN-1 and MFN-2 upon
CCCP treatment also occurred in SH-SY5Y cells containing
an empty vector following CCCP treatment (Fig. 4A). A
time course indicated that the putative ubiquitination of both
MFN-1 and MFN-2 differed in cell lysates from SH-SY5Y
cells containing an empty vector (Fig. 4A), when compared
with Park OE cells (Fig. 4B). It should be noted that the mul-
tiple post-translational modifcation species of MFN-1 were
difficult to differentiate from non-specific bands when cell

lysates were used for western blots. Therefore, only the puta-
tive monoubiquitinated MFN-1 and diubiquitinated MFN-2
proteins are shown. For both MFN-1 and MFN-2, putative ubi-
quitination tended to peak after 1 h of CCCP treatment in Park
OE cells and then diminish over time (Fig. 4B; Supplementary
Material, Fig. S4A and B). Analysis of band density and cal-
culation of the ratio of ubiquitinated MFN-1 or MFN-2
(MFN-1/2 ubq) to total MFN-1 or MFN-2 levels
(unmodified + ubiquitinated MFN-1/2) confirmed this obser-
vation (Supplementary Material, Fig. S5). A similar trend
was observed in a different SH-SY5Y clone overexpressing
parkin (Supplementary Material, Fig. S4F). In SH-SY5Y
cells containing an empty vector, the putative ubiquitination
of MFN-1 and MFN-2 took longer to peak (2 h) and did not
show a noticeable decrease after 3 h (Fig. 4A; Supplementary

Figure 3. Ubiquitination of mitochondrial proteins following CCCP treatment.
(A) SH-SY5Y cells containing an empty vector or Park OE cells were treated
with vehicle [0.05% (v/v) ethanol] or 10 mM CCCP for 3 h, mitochondria iso-
lated and a western blot performed. The western blot was probed with an anti-
body against ubiquitin. Equal loading was determined by probing for the
39 kDa subunit of complex I (arrow). Blot representative of four separate
experiments. (B) Park OE cells were treated with CCCP for 3 h, mitochondria
isolated and probed for VDAC1 or (C) prohibitin (PHB1) by western blot. (D)
Park OE cells were treated with CCCP for 3 h and cell lysates probed for Drp1
by western blot. (E) Mitochondria isolated from Park OE cells treated with
vehicle or CCCP for 3 h were probed for MFN-1 or (F) MFN-2 by western
blot. Post-translationally modified proteins are indicated by arrowheads. Non-
specific band is denoted by an asterisk. Blots are representative of at least four
separate experiments.
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Material, Figs S4A and B and S5). Shorter exposures show
that protein levels of unmodified MFN-1 and MFN-2 tended
to decrease over time, particularly in Park OE cells (Sup-
plementary Material, Fig. S4A and B). Measurement by
western blotting of the mitochondrial protein succinate dehy-
drogenase subunit A (SDHA) indicated that the mitochondrial
content was not noticeably decreased in these samples. Pre-
viously, post-translationally modified MFN-1 and MFN-2
were detected in mitochondria isolated from Park OE cells fol-
lowing 3 h of CCCP treatment (Fig. 3E and F). Comparison of
mitochondria isolated from SH-SY5Y cells containing an
empty vector and Park OE cells after 3 h of CCCP treatment
confirmed that the putative ubiquitination of MFN-1 and
MFN-2 in Park OE cells was lower than in SH-SY5Y cells
containing an empty vector at this timepoint (Supplementary
Material, Fig. S4D and E).

To confirm that the post-translational modification observed
following CCCP treatment was ubiquitination, MFN-1 and
MFN-2 were immunoprecipitated from mitochondria and ubi-
quitinated protein detected by western blot. In accordance with

previous findings (Fig. 3E and F), samples of immunoprecipi-
tated MFN-1 displayed several species of greater molecular
mass (Fig. 4C), whereas immunoprecipitated MFN-2 indicated
two species of increased molecular mass (Fig. 4D). Ubiquiti-
nated MFN-1 and MFN-2 species were exclusively detected
in mitochondria isolated from CCCP-treated cells. The speci-
ficity of the immunoprecipitation was confirmed with MFN-1
and MFN-2 antibodies (Fig. 4C and D). MFN-1 and MFN-2
species with increased molecular mass were also detected by
these antibodies and had a pattern similar to blots probed
with the ubiquitin antibody. These results suggest that
MFN-1 is subject to multiple ubiquitination modifications.
Two ubiquitinated species were also detected for endogenous
MFN-2 (Fig. 4D). Re-probing of the blot with an antibody
against MFN-2 initially picked up the di-ubiquitinated
species. Longer exposures indicated that the tri-ubiquitinated
species was also detected (Supplementary Material, Fig. S6).

In order to confirm that the ubiquitination of MFN-1 and
MFN-2 was parkin-dependent, SH-SY5Y cells or SH-SY5Y
cells expressing parkin shRNA (Parkin KD) were treated
with 10 mM CCCP for 2 h and western blots of cell lysates
probed for MFN-1 (Fig. 5A) and MFN-2 (Fig. 5B). The inten-
sity of the post-translational modified MFN-1 and MFN-2 was
decreased in cells with parkin deficiency. The ubiquitination
of MFN-1 and MFN-2 after 2 h in SH-SY5Y cells containing
an empty vector precedes significant loss of mitochondria as
demonstrated by the CS activity (Fig. 2A) and equal levels
of SDHA (Fig. 5A and B).

Since PINK1 has been suggested to recruit parkin to
depolarized mitochondria (34) and can inhibit mitophagy in
SH-SY5Y cells following PINK1 silencing (Fig. 2D), we
investigated whether the silencing of PINK1 decreased the
parkin-dependent ubiquitination of MFN-1 and MFN-2.
SH-SY5Y cells containing an empty vector were untransfected
(UT), transfected with PINK1 siRNA #1 or PINK1 siRNA #2
or control siRNA for 72 h. Cells were then treated with 10 mM

CCCP for 2 h. Ubiquitination of MFN-1 (Fig. 5C) or MFN-2
(Fig. 5D) was induced in untransfected cells and cells trans-
fected with control siRNA. However, ubiquitination of
MFN-1 and MFN-2 was significantly reduced when treated
with either PINK1 siRNA combination. These results
suggest that PINK1 is required for the ubiquitination of
MFN-1 and MFN-2.

DISCUSSION

Mitochondrial dysfunction and impaired protein metabolism
have been implicated in PD pathogenesis. In this paper, we
report that PINK1 and parkin are involved in the degradation
of damaged mitochondria in dopaminergic cells. Perturbation
of this pathway by silencing of PINK1 led to mitochondrial
dysfunction and decreased basal autophagy flux. Overexpres-
sion of parkin restored autophagy flux and mitochondrial
ATP synthesis suggesting that the mitochondrial dysfunction
observed in several PINK1 cell and animal models is con-
nected, at least in part, with impaired mitophagy. The ubiqui-
tination of a large number of mitochondrial proteins occurs
soon after mitophagy induction. MFN-1 and MFN-2 were

Figure 4. Ubiquitination of MFN-1 and MFN-2 following CCCP treatment.
(A) SH-SY5Y cells containing an empty vector or (B) Park OE cells were
treated with 10 mM CCCP for 0–3 h, cell lysates prepared and MFN-1 and
MFN-2 post-translational modifications assessed by western blot using anti-
bodies against MFN-1 and MFN-2. Blots were re-probed with an antibody
against the mitochondrial protein SDHA, to assess mitochondrial content in
each lysate. (C) Mitochondria were isolated from SH-SY5Y cells containing
an empty vector treated with vehicle or 10 mM CCCP for 2 h. Endogenous
MFN-1 was immunoprecipitated from mitochondrial fractions and ubiquiti-
nated species detected by western blotting. The blot was then re-probed
with MFN-1 antibody. (D) MFN-2 was immunoprecipitated from mitochon-
drial fractions and ubiquitination detected as above. Blots are representative
of at least three separate experiments. Ubiquitinated species are denoted by
arrowheads.
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two such proteins, and their ubiquitination was dependent on
the presence of PINK1 and parkin.

The involvement of both PINK1 and parkin in
CCCP-induced mitophagy has been reported in a variety of
cell models (33–36,45). In agreement with our findings, ubi-
quitination of mitochondrial proteins upon induction of mito-
phagy has been observed (45,46) including VDAC in
mammalian cells (35) and mitofusin in Drosophila (36). Mam-
malian cells have two mitofusins, MFN-1 and MFN-2, and in
this report, we observed that both of these proteins are ubiqui-
tinated following CCCP treatment. To the authors’ knowledge,
this is the first report of human mitofusins undergoing covalent
modification. The speed of the post-translational modification
of MFN-1 and MFN-2 was similar; however, the pattern of
ubiquitination appears to differ. The ubiquitination of both
these proteins was dependent on parkin and PINK1. These
findings concur with Ziviani et al. (36) who reported that
the parkin-dependent ubiquitination of the Drosophila homol-
ogue mitofusin resulted in the addition of one, three or four
ubiquitin adducts. Overexpression of parkin also restored the
decreased ubiquitination of mitofusin following PINK1 silen-
cing (36). Immunoprecipitation studies have indicated that
parkin binds mitofusin in Drosophila cells (36), even under
basal conditions (47). In the latter study, mitofusin was
found to be modified by three ubiquitin moieties and was
dependent on both PINK1 and parkin (47). Despite evidence
from both mammalian and Drosophila cells that the ubiquiti-
nation of MFN-1 and MFN-2 is parkin-dependent, in vitro ubi-
quitination studies with recombinant/purified proteins are
needed to definitively confirm that MFN-1 and MFN-2 are
direct substrates of parkin. Indeed, it is unclear to which
extent the large number of mitochondrial proteins ubiquiti-
nated following CCCP treatment reported here and by others

(46) is a direct result of parkin or the activation of other cyto-
solic or mitochondrial ubiquitin ligases such as MARCH5 and
MULAN (48).

The type of linkage and number of ubiquitin moieties added
to a particular cargo determines whether the substrate is des-
tined for degradation by the proteasome or autophagy
(49,50). Typically, polyubiquitination linked via Lys48 of ubi-
quitin targets the protein to the proteasome, whereas monoubi-
quitination or oligomeric Lys63-linked ubiquitin chains target
proteins to lysosomes. There is also growing evidence that
ubiquitination of proteins may also affect protein function,
similar to other post-translational modifications such as phos-
phorylation (44,48). Therefore, the type of ubiquitination and
the function of the mitochondrial proteins most likely deter-
mine the role they play in mediating mitophagy. Further
work is required to determine whether the post-translational
modification of MFN-1 and MFN-2 is due to polyubiquitina-
tion or multiple monoubiquitination events. The ubiquitination
of MFN-1 and MFN-2 may act as tags to identify damaged
mitochondria (51,52) and recruit the ubiquitin-binding autop-
hagic receptors p62 and HDAC6 (34,46), and subsequently
autophagosome components such as LC3-II (49).

For mitophagy to occur, the mitochondrial reticular network
needs to first undergo fission (37). An appealing hypothesis is
that the ubiquitination of MFN-1 and MFN-2 could be a means
of preventing mitochondrial fusion, either by promoting degra-
dation of these proteins by the proteasome or by physically
interfering with the formation of MFN dimers between mito-
chondria (51,52). The degradation of the yeast homologue
Fzo1 is dependent on the UPS (53). Furthermore, loss of
PINK1 or parkin in Drosophila resulted in an increased abun-
dance of mitofusin (36,47). Unmodified MFN-1 and MFN-2
protein levels appear to be slightly decreased following 3 h
of CCCP treatment, and this occurs before a significant loss
of mitochondrial number is observed. This might suggest
that the mitofusins are being degraded by the proteasome or
that a fraction of the mitofusins have undergone multiple ubi-
quitination events. It should be noted that MFN-2 is modified
by two or three ubiquitin molecules, whereas degradation of
proteins by the proteasome generally requires more than four
(54). Decreases in MFN-1 and MFN-2 protein levels seen at
later timepoints are difficult to interpret as it is unclear
whether this is due to degradation by the proteasome and/or
loss of whole mitochondria by mitophagy.

Given the putative role of MFN-1/2 in mitophagy discussed
above, the analysis of mitochondrial morphology and
dynamics needs to be assessed upon the induction of mito-
phagy by CCCP or paraquat (33,36), in the absence or pres-
ence of PINK1/parkin. Similar studies are required for the
12-day PINK1 silencing cell models. Previously, no overt
changes in the mitochondrial network (i.e. large-scale frag-
mentation of the mitochondrial network) were seen following
transient transfection of PINK1 for 12 days (13), unlike other
models (27,29). More quantitative analyses such as changes in
mitochondrial branching and form factor might indicate
whether fission/fusion is being affected in our cell models.

In addition to promoting fusion of mitochondria, several
other cellular processes have been ascribed to MFN-2, and
two of these could be relevant for mitophagy. First, MFN-2
connects mitochondria with the endoplasmic reticulum (55),

Figure 5. Parkin and PINK1 are required for ubiquitination of MFN-1 and
MFN-2. (A) Control or Parkin KD cells were treated with vehicle or CCCP
for 2 h, cell lysates prepared and MFN-1 or (B) MFN-2 ubiquitination assessed
by western blot using antibodies against MFN-1 and MFN-2. (C) SH-SY5Y
cells were untransfected (UT), transfected with PINK1 siRNA #1 or PINK1
siRNA #2 or transfected with control siRNA for 72 h. Untransfected cells
and siRNA transfected cells were then treated with 10 mM CCCP for 2 h,
cell lysates prepared and separated by western blot. Blots were probed with
an antibody against MFN-1 or (D) MFN-2. Blots were re-probed with an anti-
body against SDHA for mitochondrial content. Blots are representative of at
least three separate experiments. Ubiquitinated species are denoted by arrow-
heads.
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and for mitophagy to occur, it will be necessary to sever this
connection. Recently, MFN-2 has also been found to be
necessary for the transport of mitochondria and interacts
with the Miro/Milton complex (56). Mitochondria destined
for degradation will need to be transported to lysosomes/
aggresomes.

Drp-1 was not found to be ubiquitinated, which is consistent
with previous reports (36,47). Indeed, the ubiquitination of
Drp1 is thought to negatively regulate fission (44,48) and
would thus impede mitophagy if modified. It should be
noted that sumoylation of Drp1 promotes fission (48).
Although PINK1/parkin-mediated mitophagy has focused on
ubiquitination, other means of post-translational regulation
(sumoylation, phosphorylation) of mitophagic proteins need
to be investigated in the PINK1/parkin pathway.

In addition to their role in mitophagy, the function of
PINK1 and parkin in macroautophagy as a whole should be
considered. PINK1 has been reported to enhance basal and
starvation-induced autophagy and interacts with the
pro-autophagic protein Beclin-1 (57). Therefore, the reduced
autophagic flux we observed in SH-SY5Y cells after PINK1
silencing might not be completely due to the inhibition of
mitophagy. We also found that the induction of autophagy
(LC3-II levels) in SH-SY5Y cells overexpressing parkin
upon starvation was greater than in SH-SY5Y cells containing
an empty vector. A recent study has reported that the
stable knockdown of PINK1 by RNAi activates autophagy/
mitophagy (28). However, in keeping with the results reported
here and by others (33–36), parkin overexpression in this cell
model did increase mitophagy. Perhaps, chronic PINK1
knockdown in mammalian cells activates compensatory path-
ways able to promote mitophagy in the absence of PINK1
protein, suggesting that other proteins can recruit parkin to
depolarized mitochondria. Stable knockdown of PINK1 also
caused a significant fragmentation of the mitochondrial
network (28), a scenario we do not observe following 12
days of transient PINK1 transfection (13). Since fission is
required for mitophagy (37), perhaps this is also a driving
force for mitophagy in the stable knockdown model (28).

Mitophagy is likely to be particularly important in post-
mitotic cells such as neurons, as the damaging effect of dys-
functional mitochondria cannot be diluted upon cell division
as with proliferating cells. Instead, damaged mitochondria
will accumulate, resulting in energy deficiency and increasing
oxidative stress. These events will further damage mitochon-
dria and other macromolecules, causing an ever-increasing
spiral of damage. Both mitochondrial performance and effi-
cient protein degradation diminish with age. Ageing is the
greatest risk factor for PD. It is notable that chaperone-
mediated autophagy markers, the predominant route for the
degradation of alpha-synuclein, are decreased in PD substan-
tia nigra and amygdala compared with matched control or
Alzheimer disease brains (58). High levels of mitochondrial
DNA deletions also occur in the dopaminergic neurons of
the substantia nigra of aged individuals and patients with par-
kinsonism (6). Animal and cell models of PINK1 deficiency
exhibit increasing mitochondrial damage and oxidative
stress with time (13,20,22). We have shown that restoration
of autophagy in PINK1-silenced cells by parkin reverses
ATP synthesis inhibition and that the ubiquitination of

MFN-1 and MFN-2 play a role in PINK1/parkin-mediated
mitophagy.

MATERIALS AND METHODS

Cell culture

The human neuroblastoma cell line SH-SY5Y was cultured in
1:1 (v/v) DMEM (no glucose):F12 (Ham) media (0.9 g/l
glucose final concentration) supplemented with 10% fetal
bovine serum, 1 mM pyruvate and penicillin–streptomycin.
SH-SY5Y cells containing an empty vector or parkin cDNA
(Park OE; pcDNA 3.1 vector with haemaglutinin tag; Invitro-
gen) were also used (13). To generate SH-SY5Y with consti-
tutive parkin silencing (Parkin KD cells), cells were
transfected with a shRNA vector (psi STRIKE; Promega)
encoding Parkin shRNA (5′-CACCUGAUCGCAACAAAU
UUCttcaagagaATTTGTTGCGATCAGGTGC-3′) and stable
clones selected for by resistance to the antibiotic G418.
Empty vector, Park OE and Parkin KD cells were cultured
in the media described above supplemented with 20 mg/ml
of G418.

Transient transfection of SH-SY5Y cells with PINK1
siRNA

SH-SY5Y cells or SH-SY5Y overexpressing parkin (1.8 × 105

cells/ml) were transfected with two different pairs of PINK1
siRNA [10 nM; PINK1 #1 (Dharmacon) or PINK1 #2
(Qiagen)] or 10 nM scrambled control siRNA (Ambion)
using HiPerfect transfection reagent (Qiagen). As previously
reported, PINK1 mRNA levels were depleted by approxi-
mately 80% after 72 h of silencing with either pair of
PINK1 siRNAs (13). Cells were transfected with siRNA
every 3 days, up to a maximum of 12 days.

CS activity

Following treatment with 10 mM CCCP, cells were washed
once with PBS and lysed on the plate in 0.25% (v/v) Triton
X-100 in PBS supplemented with protease and phosphatase
inhibitors. Debris was removed by centrifugation and CS
activity measured by following the oxidation of 5,5′-Dithio-
bis(2-nitrobenzoic acid) in a spectrophotometer (absorbance
at 412 nm) over time at 308C in the presence of acetyl
co-enzyme A and oxaloacetate (59). Protein concentration in
the same aliquot was measured using the BCA protein assay
(Pierce) and enzyme activity expressed as nmol/min/mg protein.

Western blotting

SH-SY5Y cells were harvested with trypsin and lysed on ice in
1% (v/v) Triton X-100 in PBS supplemented with protease and
phosphatase inhibitors. Triton soluble fractions (10 mg) were
resolved by SDS–PAGE and transferred to Hybond P (GE
Healthcare). Blots were probed with antibodies against the
39 kDa subunit of complex I (clone 20C11; Mitosciences),
b-actin (ab8227; Abcam), GAPDH (clone 6C5; Abcam),
LC3 (cat. # 2775; Cell Signaling Technology), SDHA (clone
2E3; Mitosciences), subunit MTCO2 of complex IV
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(clone 12C4; Mitosciences), parkin (clone PRK8; Santa-Cruz
Biotechnology), ubiquitin (clone P4D1; Santa-Cruz Biotech-
nology), Drp1 (also known as DLP1; clone 8/DLP1; BD Bio-
sciences) and TFAM (Clone K-18, Santa-Cruz
Biotechnology). Rabbit polyclonal antibodies against MFN-1
(DUP antibody) and MFN-2 (CT antibody) have previously
been described (60,61). Bands were detected with respective
horse radish peroxidase-linked secondary antibodies (Dako)
and enhance chemiluminescence (Pierce). The density of
bands was determined by the AlphaDigiDoc software.

Isolation of mitochondria

Following CCCP treatment, SH-SY5Y cells (.30 × 106 cells)
were harvested by trypsinization, washed in PBS sup-
plemented with protease and phosphatase inhibitors and
homogenized with a glass-teflon homogenizer in isolation
medium (250 mM sucrose, 1 mM EDTA, 10 mM Tris, pH 7.4,
supplemented with protease and phosphatase inhibitors).
Nuclei were removed by centrifugation (1500g) and mito-
chondria pelleted at 11 800g and resuspended in isolation
medium.

Immunoprecipitation of MFN-1 and MFN-2

Mitochondria were isolated from SH-SY5Y cells containing
an empty vector treated with vehicle (ethanol) or 10 mM

CCCP for 2 h. Mitochondria were lysed in 0.5% (v/v) Triton
X-100 in PBS supplemented with protease inhibitors,
MFN-1 or MFN-2 antibodies added and rotated at 48C for
2 h. Protein A sepaharose (GE Healthcare) was then added
and the mixture rotated at 48C for a further 1.5 h. The antibody
bound beads were washed three times with 1% (w/v) BSA in
PBS, two times with PBS and then resuspended in 2×
Laemmlli buffer containing 0.1 M DTT. The supernatant was
then separated by SDS–PAGE and transferred to HybondP
for western blotting.

ATP synthesis assay

SH-SY5Y cells or SH-SY5Y cells overexpressing parkin were
treated with PINK1 siRNA or scrambled siRNA for 12 days,
cells harvested with trypsin, permeabilized with digitonin
and ATP synthesis measured in the presence of the electron
donors glutamate and malate (complexes I, III, IV), succinate
and rotenone (complexes II, III, IV) or ascorbate and
N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD; complex
IV) as previously described (13). The ATP synthesized in
the assay was quantified using the ATP Bioluminesence
Assay kit HSII (Roche). Data were expressed as pmoles
ATP synthesized/min/105 cells. ATP synthesized in the
absence of substrates was subtracted from the data.

Statistical analyses

Data are expressed as the mean+SEM of separate exper-
iments (n). Statistical significance was determined by two-
tailed t-test or one-way ANOVA followed by the Tukey
HSD test where appropriate.
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