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Mutations in Parkin or PINK1 are the most common cause of recessive familial parkinsonism.
Recent studies suggest that PINK1 and Parkin form a mitochondria quality control pathway
that identifies dysfunctional mitochondria, isolates them from the mitochondrial network,
and promotes their degradation by autophagy. In this pathway the mitochondrial kinase
PINK1 senses mitochondrial fidelity and recruits Parkin selectively to mitochondria that
lose membrane potential. Parkin, an E3 ligase, subsequently ubiquitinates outer mitochon-
drial membrane proteins, notably the mitofusins and Miro, and induces autophagic elimi-
nation of the impaired organelles. Here we review the recent rapid progress in understanding
the molecular mechanisms of PINK1- and Parkin-mediated mitophagy and the identification
of Parkin substrates suggesting how mitochondrial fission and trafficking are involved. We
also discuss how defects in mitophagy may be linked to Parkinson’s disease.

Parkinson’s disease (PD) is the second most
common neurodegenerative disorder and is

characterized by cardinal motor symptoms:
slowness of movement, rigidity, rest tremor, and
postural instability (Ropper et al. 2009). Al-
though these symptoms initially respond to
drugs that modulate dopamine metabolism or
surgeries that alter basal ganglia circuitry, the dis-
ease eventually progresses. With a modest excep-
tion (Olanow et al. 2009), no therapy has been
shown to alter the disease course.

The pathogenesis of sporadic Parkinson’s
disease is likely complex involving altered me-
tabolism of the protein a-synuclein, lysosomal
dysfunction, and a dysregulated inflammatory
response (reviewed in Shulman et al. 2011).

Several lines of evidence also point to mito-
chondrial dysfunction as a central player in
the pathogenesis of PD. Complex I dysfunction
is associated with sporadic PD and is sufficient
to induce parkinsonism (reviewed in Schapira
2008). The inhibitors of complex I, MPTP
(Langston et al. 1983) and rotenone (Betarbet
et al. 2000), replicate the symptoms of PD, and
rotenone recapitulates key pathognomonic fea-
tures of PD, such as the a-synuclein-rich inclu-
sion bodies (Betarbet et al. 2000). The cause of
mitochondrial dysfunction in sporadic PD is
not entirely clear, but laser capture microdissec-
tion of substantia nigra neurons from patients
with PD reveal a higher burden of mitochon-
drial DNA deletions relative to age-matched
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controls (Bender et al. 2006). That such dele-
tions are sufficient to cause parkinsonism is sug-
gested by the occurrence of parkinsonism in
patients with rare mutations in their mtDNA
replication machinery (e.g., the catalytic sub-
unit of the mtDNA polymerase POLG [Luoma
et al. 2004] or the mtDNA helicase Twinkle [Ba-
loh et al. 2007]). The defective mtDNA replica-
tive machinery generates high levels of mtDNA
deletions throughout the body that are qualita-
tively similar to those observed in the substantia
nigra in patients with sporadic PD (Reeve et al.
2008). Thus, mitochondrial dysfunction is both
associated with sporadic PD and sufficient to
cause the parkinsonian syndrome.

As is discussed in this review, recent insights
from certain genetic forms of PD—resulting
from mutations in Parkin or PINK1—support
the model that mitochondrial damage is a cen-
tral driverof PD pathogenesis. Additionally, they
provide a rationale for targeting mitochondrial
quality control pathways in patients with PD.

GENETIC STUDIES SUPPORT A COMMON
PINK1/PARKIN PATHWAY

Mutations in Parkin or PINK1 are the leading
cause of recessive parkinsonism (Hardy 2010).
The parkinsonian syndrome caused by loss of
Parkin (Kitada et al. 1998) or PINK1 (Valente
et al. 2004) function is clinically indistinguish-
able from idiopathic Parkinson’s disease at its
outset, although it tends to present before the
age of 40 and to progress more slowly. Addition-
ally, only some patients with Parkin mutations
develop thea-synuclein-rich inclusions, known
as Lewy bodies and Lewy neurites, which are
pathognomonic for idiopathic Parkinson’s dis-
ease (Pramstaller et al. 2005).

The clinical similarity between patients with
Parkin or PINK1 mutations suggests that they
might function in a common pathway. Sup-
porting this notion, deletion of either dParkin
or dPink1 in Drosophila melanogaster leads to a
similar (and relatively unique) phenotype with
the triad of muscle degeneration, disrupted
spermatogenesis, and loss of dopaminergic neu-
rons within a specific cluster (Greene et al. 2003;
Whitworth et al. 2005; Clark et al. 2006; Park

et al. 2006; Yang et al. 2006). Moreover, overex-
pression of dParkin in the dPink1 null Droso-
phila and not the converse partially compensates
for this phenotype, indicating that dPink1 is up-
stream of dParkin in the same pathway (Clark
et al. 2006; Park et al. 2006; Yang et al. 2006).

The function of the dPink1/dParkin path-
way at least in Drosophila is suggested by ultra-
structural examination of the tissues before
their degeneration. Mitochondria in the flight
muscles become swollen and fragmented early
in the course of the degeneration, suggesting
that a mitochondrial defect may be the primary
event (Greene et al. 2003; Whitworth et al. 2005;
Clark et al. 2006; Park et al. 2006; Yang et al.
2006). Overexpression of components of the
glutathione-dependent detoxification pathway
partially prevents the mitochondrial damage,
implying that mitochondria in Drosophila lack-
ing the dPink1/dParkin pathway are less able to
cope with oxidative stress (Whitworth et al.
2005). The apparent damage to mitochondria
in the flight muscles correlates with a severe
bioenergetic deficit as well as increased oxida-
tive damage of the surrounding tissue, suggest-
ing a mechanism for the subsequent apoptosis
of the muscle fibers (Greene et al. 2003; Whit-
worth et al. 2005; Clark et al. 2006; Park et al.
2006; Yang et al. 2006).

Studies in mice are largely consistent with
the notion of a common Pink1/Parkin pathway
important for maintaining mitochondrial in-
tegrity. Loss of Parkin or Pink1 causes one phe-
notype similar to, albeit milder than, that in
man, in which nigrostriatal dysfunction corre-
lates with mitochondrial dysfunction in the stri-
atum (Palacino et al. 2004; Gautier et al. 2008;
Kitada et al. 2009). Interestingly, PINK1 knock
out (KO) mice also display pronounced cardiac
hypertrophy (Billia et al. 2011) and Parkin KO
mice display less subcutaneous fat, are resistant
to high-fat-diet-induced weight gain (Kim et al.
2011a), and may be predisposed to hepatocel-
lular carcinomas (Fujiwara et al. 2008). It re-
mains to be determined if these non-neuronal
phenotypes are shared between PINK1 and Par-
kin deficient mice.

Although Parkin and PINK1 may have in-
dependent functions in some cellular pathways,
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parsimony would suggest that they function to-
gether in pathways relevant to PD pathogenesis.
Additionally, as is discussed in more depth be-
low, the difference in phenotype between insects
and mammals suggests that, although features
(including substrates) of PINK1/Parkin path-
way are shared among insects and mammals,
likely there are differences in the physiologic
functions they serve.

PINK1 SENSES MITOCHONDRIAL STRESS

PINK1 is a serine/threonine protein kinase tar-
geted to mitochondria (Valente et al. 2004; Sil-
vestri et al. 2005; Zhou et al. 2008). Under basal
conditions, mammalian Parkin is an E3 ubiq-
uitin ligase residing (likely inert) in the cytosol.
Upon mitochondrial damage, however, Parkin
is activated and recruited selectively to bioener-
getically impaired mitochondria (Narendraet al.
2008) by an elegant mechanism in which PINK1
functions as a sort of molecular scout reporting
the internal state of individual mitochondria
to Parkin in the cytosol (Geisler et al. 2010b;
Matsuda et al. 2010; Narendra et al. 2010b; Vi-
ves-Bauza et al. 2010) (Fig. 1).

Like most other mitochondrial proteins,
PINK1 is encoded in the nuclear genome and
synthesized in the cytosol before its import via
the TOM/TIM complexes (Silvestri et al. 2005).
And like most other mitochondrial proteins ex-
pressing a mitochondrial targeting presequence,
PINK1 requires the electrical component of the
inner mitochondrial membrane potential (DC)
for its import into mitochondria (Silvestri et al.
2005). Two features of PINK1 processing and
targeting, however, make PINK1 uniquelysuited
for its role in signaling mitochondrial dysfunc-
tion. First, unlike most other mitochondrial pro-
teins, imported PINK1 is cleaved into an unsta-
ble product by PARL (Whitworth et al. 2008; Jin
et al. 2010; Deas et al. 2011; Meissner et al. 2011;
Shi et al. 2011), an inner mitochondrial mem-
brane protease (McQuibban et al. 2003), and
other mitochondrial proteases (Greene et al.
2012) and consequently is present at very low
levels in mitochondria that are healthy enough
to maintain the DC dependent import pathway
(Fig. 1A). (As an indication of its lowabundance,

PINK1 is usually not detected in proteomics
studies of mitochondrial proteins despite its
relatively large size [see for instance the Mito-
Carta database (Pagliarini et al. 2008)].) Second,
PINK1 contains a second weaker targeting signal
that directs it to the outer mitochondrial mem-
brane (Zhou et al. 2008), if the TOM/TIM im-
port pathway is blocked by collapse of DC (Na-
rendra et al. 2010b). Thus, PINK1 acts as a kind
of scout, dispatched centrally to all the mito-
chondria in the cell to assess their internal state.
The healthy mitochondria with a strong inner
membrane potential quickly dispose of PINK1,
whereas failing mitochondria, unable to import
and degrade the kinase, accumulate it on their
cysotolic face, in effect displaying their innerdys-
function on their outer surface. The accumula-
tion appears to be very rapid with a several fold
increase in PINK1 protein expression within
minutes of DC collapse (Narendra et al. 2010b).
However, an alternative model has been present-
ed in which PARL-mediated PINK1 cleavage
activates PINK1 rather than eliminates it (Whit-
worth et al. 2008; Deas et al. 2011). Once on the
outer mitochondrial membrane, PINK1 consti-
tutively associates with the TOM complex. This
association has been suggested to mediate rapid
reimport and degradation of PINK1 if mito-
chondrial membrane potential is restored there-
by yielding a quick on/off signal of mitochon-
drial dysfunction (Lazarou et al. 2012).

PINK1 RECRUITS PARKIN TO
MITOCHONDRIA AND ACTIVATES ITS
LATENT E3 LIGASE ACTIVITY

PINK1, when exposed on the cytosolic surface,
directs Parkin specifically to the ailing mito-
chondrion resulting in ubiquitination of several
outer mitochondrial membrane proteins on
that dysfunctional mitochondrion (Geisler et al.
2010b; Matsuda et al. 2010; Narendra et al. 2010b;
Vives-Bauza et al. 2010) (Fig. 1B). Precisely how
PINK1 activates and directs Parkin selectively
to the mitochondria on which PINK1 accumu-
lates is not resolved fully. Although there is evi-
dence that Parkin and PINK1 directly bind each
other(ParkinandPINK1co-immunoprecipitate
[Xiong et al. 2009; Sha et al. 2010]). The bulk
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Figure 1. Regulation of the PINK1-Parkin mitochondrial quality control pathway by inner mitochondrial
membrane potential. (A) In healthy mitochondria, PINK1 is imported to the inner mitochondrial membrane
by the TOM (translocase of the outer membrane) and TIM23 (translocase of the inner membrane 23) com-
plexes, along a path that depends on the voltage component of the mitochondrial inner membrane potential
(DC). At the inner membrane, the mitochondrial-targeting signal (MTS) of PINK1 is cleaved by the matrix
metalloprotease. PINK1 is cleaved again in its transmembrane domain by the rhomboid protease PARL. The
resulting PINK1 cleavage product is unstable and is degraded in a manner that depends on proteasomal activity.
(B, I) In impaired mitochondria with collapsed DC, PINK1 cannot be imported to the inner membrane along
the DC-dependent TIM23 pathway. Instead, PINK1 is directed to the outer mitochondrial membrane by a
cryptic signal amino terminal to its transmembrane domain, in which it associates with the TOM complex. (B,
II) The accumulation of PINK1 on the outer mitochondrial membrane recruits Parkin from the cytosol and
activates its ubiquitin ligase activity. Parkin ubiquitinates outer membrane proteins preferentially on the mi-
tochondrion on which PINK1 has accumulated. (B, III) Ubiquitination of outer mitochondrial membrane
proteins by Parkin leads either to their degradation by the proteasome or to the recruitment of ubiquitin-
binding adaptor proteins to effect the removal of the damaged mitochondrion by autophagy.
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of PINK1 and Parkin appear to reside in com-
plexes of different sizes by size exclusion chro-
matography and native PAGE electrophoresis
(Thomas et al. 2011; Lazarou et al. 2012). There
is also mixed evidence that PINK1 directly
phosphorylates Parkin (Kim et al. 2008; Naren-
dra et al. 2010b; Sha et al. 2010; Vives-Bauza
et al. 2010).

An alternative (and not mutually exclusive)
hypothesis suggests that PINK1 may direct Par-
kin to particular substrates on the outer mito-
chondrial membrane by priming the substrates
through phosphorylation. A recent study of one
of the substrates of Parkin, Miro1, lends support
for this shared substrate model. The investiga-
tors report that PINK1 phosphorylates Miro1
on a specific serine residue, S156 (Wang et al.
2011). In addition, the investigators found that
if phosphorylation of S156 is blocked by mutat-
ing S156 to an alanine, Miro1 is no longer de-
graded in a Parkin-dependent manner. Howev-
er, a recent study was unable to confirm that
dMiro is phosphorylated by dPink1 in an in
vitro assay or that the Miro1 S156A mutant is
degraded by Parkin less efficiently than wild-
type Miro1 (Liu et al. 2012). Additional studies
will be required to validate whether Miro1 is a
substrate of PINK1, although, as discussed be-
low, it appears that Miro1 is a physiological sub-
strate of Parkin.

If confirmed, the shared substrate model im-
plies that there may be a motif that is recognized
in the unphosphorylated form by PINK1 and
the phosphorylated form by Parkin. It will be
interesting to learn whether other Parkin sub-
strates (in particular the mitofusins) are simi-
larly phosphorylated by PINK1 and whether a
common motif among PINK1/Parkin sub-
strates is found. A preferred peptide substrate
for a recombinant insect PINK1 has been iden-
tified in vitro, and it is notable for a proline in the
1þ position relative to the phosphorylated ser-
ine and positively charged residues in other po-
sitions: KKWIPYRRSPRRR (Woodroof et al.
2011). Of note, the context of the phosphorylat-
ed serine in this peptide is not obviously similar
to that in the proposed Miro1 site, NLKNISEL-
FYYAQK (Wang et al. 2011). This could reflect
differences between the in vitro system and the

cell-based system (e.g., the efficiency of phos-
pho-transfer within the cell will likely be influ-
enced by the local concentration of the kinase
and substrate on the mitochondrial membrane
as well as binding between kinase and substrate
outside of the phosphorylated region.) Alterna-
tively, the in vitro findings may cast doubt on the
validity of the proposed Miro site.

Study of ectopic targeting of PINK1 to cel-
lular membranes has provided additional in-
sight into Parkin recruitment by PINK1 (Laz-
arou et al. 2012). Ectopic targeting of PINK1 to
alternate organelles can recruit Parkin to those
same alternate subcellular locations. Interest-
ingly, when cytosolic PINK1 is recruited to mi-
tochondria or other membranes using a hetero-
dimerization system, Parkin recruitment to the
same membranes lags by tens of minutes. This
suggests that PINK1 assumes a form competent
for binding Parkin after it associates with mem-
branes or that Parkin recruitment to membranes
reflects an interaction with membrane compo-
nents other than PINK1 (e.g., binding to its pro-
tein substrates).

Failing mitochondria that are selectively
tagged byactivated Parkin are altered to promote
their isolation within the cell and their degra-
dation by selective macroautophagy (hereafter,
“autophagy”). Several events in cultured mam-
malian cells overexpressing Parkin are observed
following mitochondrial uncoupling: (1) The
mitochondria fragment and fail to refuse when
the membrane potential is restored (Tanaka
et al. 2010); (2) the spherical mitochondria
form clumps that resemble bunches of grapes
(Narendra et al. 2010a; Okatsu et al. 2010); (3)
the clumps of mitochondria are gathered in a
perinuclear localization possibly because of
increased minus end transport along microtu-
bules (Lee et al. 2010; Vives-Bauza et al. 2010);
and (4) mitochondria are degraded by a selec-
tive form of autophagy (mitophagy) (Narendra
et al. 2008). Within 24 h, all of the mitochondria
within mammalian cells overexpressing Parkin
can be eliminated byautophagy. The specific tar-
geting of Parkin to damaged mitochondria by
PINK1together withtheautophagicelimination
of such mitochondria suggests that this path-
way mediates mitochondrial quality control.

PINK1/Parkin-Directed Mitophagy
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Although this hypothesis has yet to be validated
in animal models, a studyof cultured cybrid cells
containing a stable heteroplasmic mixture of
wild-type mitochondrial DNA and mitochon-
drial DNA mutated in the COX1 gene supports
the idea. Stable overexpression of Parkin at levels
3–6-fold above endogenous Parkin levels found
in some normal tissues mediated the selective re-
moval of the mutated mitochondrial DNA and
enrichment of cytochrome oxidase activity
(Suen et al. 2010). In a complementary study,
mitophagy of dysfunctional mitochondria in
cells homoplasmic for mtDNA mutations was
found to be dependent on both Parkin expres-
sion and mTORC1 inhibition (Gilkerson et al.
2012). Consistent with a housekeeping function
of Parkin, it is widely distributed throughout mi-
tochondria-rich tissues, including brain, mus-
cle, and liver (Suen et al. 2010).

PARKIN UBIQUITINATES MITOCHONDRIAL
OUTER MEMBRANE PROTEINS FOLLOWING
PINK1 RECRUITMENT

Parkin mediates directly or indirectly the ubiq-
uitination of mitochondrial outer membrane
proteins withvarious ubiquitin linkages (Geisler
et al. 2010b; Narendra et al. 2010a; Chan et al.
2011). Some of these proteins with predomi-
nantly K48-linked ubiquitin chains are eliminat-
ed by proteosomal degradation, whereas others
with K63-linked ubiquitin chains may recruit
adaptor proteins from the cytosol. Changes in
mitochondrial dynamics and transport appear
to be mediated by elimination of specific outer
mitochondrial membrane proteins, whereas mi-
tochondrial clumping and mitophagy appear to
depend on recruitment of specific adaptor pro-
teins to ubiquitinated substrates on the outer
mitochondrial membrane (as discussed briefly
below and in more depth elsewhere).

Proteins that accumulate on mitochondria
concurrent with Parkin translocation and ubiq-
uitination of mitochondrial substrates include
p97 and proteasome subunits consistent with
an ERAD type pathway of mitochondrial outer
membrane protein degradation by the protea-
some (Tanaka et al. 2010; Xu et al. 2011). Other
proteins such as p62 accumulate on mitochon-

dria by binding ubiquitin chains (with a prefer-
ence for binding K63-linked chains [Kirkin
et al. 2009]). p62 is an adaptor protein that
recruits unfolded protein aggregates to auto-
phagosomes, and its role in mitophagy will be
discussed later. Which process, proteosomal
elimination versus adaptor protein recruitment,
mediates autophagosome engulfment of mito-
chondria is still not clear.

UNBIASED IDENTIFICATION OF
SUBSTRATES DEGRADED BY PARKIN

Parkin likely mediates its effect on mitochondri-
al dynamics, distribution, and turnover through
ubiquitination of specific substrates in the outer
mitochondrial membrane. These effects could
be mediated either through elimination or in-
hibition of the normal function of the outer
membrane proteins or by recruitment of adap-
tor proteins to the post-translationally modi-
fied OMM proteins. Particularly when Parkin
is present at supraphysiologic levels many pro-
teins on the OMM appear to be ubiquitinated
in a manner that depends on activated Parkin
(Chan et al. 2011; Yoshii et al. 2011). Although
it is clear that Parkin can promote the ubiquiti-
nation of many OMM proteins under special
circumstances (e.g., in the presence of high
levels of Parkin and PINK1), which substrate
is ubiquitinated most efficiently in vivo and
which is of greatest physiological importance
is less clear.

At least for the subset of Parkin substrates
that are degraded after ubiquitination their spe-
cificity as substrates in vivo may be reflected in
the ease with which they are eliminated by acti-
vated Parkin in cultured cells. To help identify
the subset of substrates targeted for degradation
following Parkin ubiquitination as well as adap-
tor proteins recruited to OMM proteins ubiq-
uitinated by Parkin, we measured changes in
membrane protein abundance using a stable
isotope labeling in cell culture (SILAC) proteo-
mics approach (DP Narendra, unpubl.). The
experiment was designed to assess changes in
membrane protein abundance in response to
two variables: the presence or absence of Parkin
and the presence or absence of mitochondrial
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uncoupler CCCP (which activates Parkin by
increasing endogenous PINK1 protein levels).
Assessing changes along these two dimensions
helps to separate changes caused by activated
Parkin from secondary effects of the uncoupler
CCCP (Fig. 2).

For each protein sequenced, two ratios,
heavy labeled (H)/light labeled (L) and heavy
labeled (H)/medium labeled (M), reflect chang-
es in membrane protein abundance caused by
CCCP treatment and Parkin expression, respec-
tively (Tables 1 and 2). Proteins that increase in

response to both Parkin expression and CCCP
treatment may be adaptor proteins that are re-
cruited to mitochondria from the cytosol fol-
lowing ubiquitination of outer mitochondrial
membrane (OMM) proteins, whereas proteins
that decrease in response to both Parkin expres-
sion and CCCP treatment may be substrates of
Parkin degraded by the proteasome. Of note,
this approach does not identify proteins ubiqui-
tinated by Parkin that are not subsequently de-
graded in disproportion to other mitochondrial
proteins (Fig. 3).
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Figure 2. Quantitative proteomics-based screen for the identification of Parkin substrates and adaptors in the
PINK1/Parkin pathway. (A) Schematic depicting the experimental setup. Three cell lines were labeled with stable
isotopes of arginine and lysine to give a light (L) labeled HeLa cell line stably expressing YFP-Parkin treated with
vehicle (HeLaParkin); a medium (M) labeled HeLa cell line without Parkin expression treated with the mito-
chondrial uncoupler CCCP for 2 h (HeLaCTRL); and a heavy (H) labeled HeLaParkin cell line treated with CCCP. A
crude membrane fraction was extracted from each cell line by permeabilizing the membranes with a low dose of
digitonin, isolating the membranes by centrifugation, and then extracting proteins from the remaining mem-
branes with DDM (n-dodecyl-b-maltoside). The protein extracts from each cell line were mixed in a 1:1:1 ratio,
before separation on a SDS-PAGE gel, in-gel digestion, and LC-MS/MS on an Orbitrap instrument with a top 5
duty cycle. The data was analyzed in MaxQuant. (B) Scatter plot depicting H/L (x-axis) and H/M (y-axis) ratios
for 992 proteins identified in the experiment. Proteins with “mitochondrial” in the protein name appear as red
circles, whereas the others appear as blue diamonds. The median for proteins annotated as mitochondrial is
shifted down and to the left relative to the median for other proteins consistent with the en masse degradation of
mitochondrial proteins following treatment with CCCP in the presence of Parkin expression. Proteins in the
upper right quadrant represent potential adaptors recruited to mitochondria. Proteins in the lower left quadrant
represent potential substrates of Parkin. The protein with the largest increase along the x- and y-axes, p62, and
the largest decrease, Mfn1, are labeled on the plot.
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After filtering out contaminants according
to published guidelines (Cox et al. 2009), a total
of 992 membrane proteins were identified and
quantified, roughly a quarter of which were an-
notated as mitochondrial in their protein name.
Proteins annotated as mitochondrial exhibited
a 43.8% and 30.9% decrease in abundance along
both the Parkin-dependent and CCCP-depen-
dent axes relative to all other proteins (two-tailed
Student’st-test;p-values ¼ 3.0 � 10247and2.5
� 10229, respectively), consistent with Parkin
promoting the selective degradation of uncou-
pled mitochondria under these conditions.

p62/SQSTM1, a cytosolic ubiquitin-bind-
ingadaptorprotein,exhibitedthelargestincrease
in abundance, consistent with previous studies
showing that it binds proteins ubiquitinated

by Parkin (Geisler et al. 2010a; Lee et al. 2010;
Narendra et al. 2010a; Okatsu et al. 2010). Its
possible role as an adaptor in the PINK1/Parkin
pathway is discussed further below.

The five proteins exhibiting the largest de-
crease in abundance along both dimensions
are resident to the OMM, consistent with their
potential ubiquitination and degradation by
Parkin. These are Mfn1, MitoNEET, GDAP1,
MOSC1, and Tom70. Mfn1, MitoNEET, and
Tom70 reached statistical significance along the
CCCP-treated axis, following correction for mul-
tiple comparisons, whereas the others trended to-
ward significance. Mfn1, which also reached sta-
tistical significance along the Parkin-dependent
axis, exhibited an almost twofold greater decrease
at 2 h relative to the other four OMM proteins

Table 1. Proteins with coherent changes in abundance

Protein Localization

Unique

peptides PEP Ratio H/L Ratio H/M

Ratio H/L

(Chan et al. 2011)

Proteins up-regulated
p62/SQSTM1 Cyto 4 3.37E-05 7.58 2.59 5.8
Heme oxygenase 1 ER 3 5.65E-07 2.42 2.11 NR
Heat shock protein
b-1

Cyto/Nuc 9 0 2.54 1.68 NR

Ferritin light chain Cyto 4 4.64E-32 1.79 2.07 NR
Thioredoxin 9 0 2.15 1.59 3.2

Proteins down-regulated
Mitofusin1 OMM 3 4.54E-09 0.19a 0.28a 0.09b

GDAP1 OMM 14 2.49E-08 0.53 0.34 0.40
MitoNEET OMM 18 0 0.48a 0.42 0.26b

MOSC1 OMM 3 0 0.47 0.44 0.39
TOM70 OMM 5 0 0.47a 0.48 0.13b

Additional proteins down-regulated in Chan et al. (2011)
Mitofusin2 OMM ND ND 0.1b

MIRO1/RHOT1 OMM ND ND 0.13b

CPT1A OMM 3 2.76E-24 0.73 0.60 0.23b

MOSC2 OMM ND ND 0.26b

GPAM OMM ND ND 0.42b

MIRO2/RHOT2 OMM ND ND 0.44b

FIS1 OMM 2 9.93E-14 0.59 0.64 0.55b

Additional substrates identified by candidate approaches
VDAC1 OMM 5 5.27E-29 0.50 0.68 NR
Tom20 ND ND NR
Bcl-2 OMM 3 1.61E-23 0.99 0.87 NR

Proteins with coherent changes in abundance (i.e., the H/L and H/M ratios are both high or both low) are listed. These

represent proteins with a change in abundance that is dependent on both CCCP treatment and Parkin expression.

ND, not detected; NR, not reported.
aRatios reaching statistical significance after correction for multiple comparisons in this study.
bRatios reaching statistical significance after correction for multiple corrections in Chan et al. (2011).
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Table 2. Proteins increased or decreased along a single dimension

Protein Function

Unique

peptides PEP

Ratio

H/L

Ratio

H/M

H/L

( p-value)

H/M

( p-value)

CCCP-only changes
Subunits of ETC complexes

Complex I-ESSS Supernumary subunit of b
subcomplex

2 0.00055987 0.23986 1.3004 4.92E-07 0.20850717

Complex I-PDSW Supernumary subunit of b
subcomplex

4 1.97E-21 0.44766 1.1732 3.74E-05 0.362282139

Complex IV - subunit 4 isoform
1

Regulatory subunit downregulated by
hypoxia

9 0 0.43761 1.2583 2.33E-05 0.181333382

Subunits of vacuolar proton pump
ATP6V1H Component of vacuolar proton pump 3 4.63E-06 2.9342 0.72304 7.85E-06 0.347560475
ATP6B2 Component of vacuolar proton pump 14 0 2.6621 0.90669 7.59E-06 0.722666052
ATP6A1 Component of vacuolar proton pump 18 0 2.5312 0.88796 2.34E-05 0.671846651
ATP6G Component of vacuolar proton pump 3 3.22E-31 2.4512 0.82108 0.000228262 0.56428798
ATP6E Component of vacuolar proton pump 5 9.67E-22 2.3293 0.91277 0.000131918 0.739212408
ATP6M Component of vacuolar proton pump 2 0.01103 2.2548 0.70783 0.000895118 0.317310509

Cholestrol metabolism
2,3-epoxysqualene–

lanosterolcyclase
Cholestrol synthesis 11 1.11E-39 2.4972 0.77465 3.13E-05 0.38264962

LDL receptor Cell-surface receptor for LDL particles 11 1.46E-34 2.164 1.0538 0.0016753 0.816681405
Sterol-4-a-carboxylate

3-dehydrogenase
Cholestrol synthesis 13 0 2.0767 1.0301 0.001109734 0.904184966

Misc. increased
a-SGT Co-chaperone of HSP70 4 3.20E-28 4.0283 1.04 4.91E-09 0.866974414
Glyceraldehyde-3-phosphate

dehydrogenase
Glycolysis 14 0 2.8911 1.1959 1.06E-06 0.304181529

Adult folate-binding protein Folate transport 5 3.01E-39 2.1425 0.58908 0.000640711 0.075974088
Histone H4 Core component of nucelosome 6 0 2.0654 1.3682 0.001218908 0.064947946

Misc. decreased
Nucleobindin-1 Multidomain calcium binding protein 18 0 0.27213 0.74534 8.74E-11 0.317310509
Cysteine-rich FGF receptor FGF binding intracellular glycoprotein 10 0 0.34651 0.58858 9.31E-08 0.075513331
Mesothelin GPI-linked cell surface protein 4 1.35E-13 0.35673 0.76751 0.000233983 0.441886649
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Table 2. Continued

Protein Function

Unique

peptides PEP

Ratio

H/L

Ratio

H/M

H/L

( p-value)

H/M

( p-value)

Retinol dehydrogenase 13 Oxidoreductase 4 3.30E-22 0.39441 0.75978 0.000845024 0.42493045
Cytochrome c type heme lyase Covalently attaches heme to cytochrome c 13 0 0.39837 0.81099 2.91E-06 0.470230202
Proliferating cell nuclear
antigen

DNA replication/repair 5 0 0.41676 1.3729 0.0016321 0.127915585

Parkin-only changes
Increased

Integrin a-1 Cell adhesion 19 0 1.4191 6.3657 0.162165287 4.54E-29
OPA1 Mitochondrial fusion 3 0 1.2757 3.7024 0.401069865 1.99E-10
GPRC5C G-protein signaling 3 9.69E-09 1.4069 2.1807 0.205413008 0.000156889

Decreased
Adenylate kinase isoenzyme 4,

mitochondrial
ATP/AMP transphosphorylase 3 0.034025 0.87783 0.29612 0.537881606 0.00048901

Proteins with an increase or decrease along either the x- or y-axis, indicating an increase or decrease in response to either CCCP

treatment or Parkin expression but not both in the same direction, are listed.
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that decreased in this experiment (DP Narendra,
unpubl.).

These results are largely in concordance
with those from a quantitative proteomics ex-
periment recently published by an independent
group (Chan et al. 2011). Similar to our results,
Chan et al. (2011) report that p62, as well as its
homolog NBR1 (not identified in our experi-
ment), increased in the membrane fraction of
HeLa cells expressing exogenous Parkin follow-
ing depolarization with CCCP for 2 h. Chan
et al. also observed an increase in autophagy
related proteins, such as LC3, consistent with
ongoing mitophagy. Of note although both
groups (Chan et al. 2011; DP Narendra, un-
publ.) observed an increase in subunits of the
vacuolar proton pump in response to CCCP
treatment, this increase did not depend on the
presence on Parkin in our experiment, indicat-
ing that it is because of CCCP treatment alone
and is not an effect mediated by Parkin.

Additionally, five of the top ten OMM pro-
teins Chan et al identified as significantly de-

creased in the membrane fraction following
treatment with CCCP (namely, Mfn1, Mfn2,
MitoNEET, MOSC2, and Tom70) are the same
or homologs of the five proteins we identified as
significantly decreased under these conditions.
As in our experiment, Mfn1 (as well as its homo-
log Mfn2) exhibited the largest decrease. Addi-
tionally, Chan et al found that Miro1 (not iden-
tified in our experiment) exhibited a decrease of
similar magnitude to Mfn1/Mfn2. In both the
Chan et al. and our experiments, other OMM
proteins identified as potential substrates of Par-
kin by candidate approaches (such as VDAC1
[Geisler et al. 2010a] and Bcl-2 [Chen et al.
2010a]) were not significantly altered in abun-
dance following depolarization with CCCP for
2 h. The concordance of these findings sug-
gests that Parkin exhibits considerable specificity
for Mfn1/Mfn2, Miro1, and Tom70 (and pos-
sibly a limited number of other mitochond-
rial proteins, such as MitoNEET). Mfn1/Mfn2,
Miro1, and Tom70 emerge from these unbi-
ased proteomics screens as the most likely

Microtubule

Miro1Tom70

Mfn1/2

Molybdenum

Iron–sulfur cluster

Cytosol

OMM

IMS

MitoNEET

MOSC1/2

GDAP1

Increased
mitochondrial

pausing

Decreased
mitochondrial

fusion

Figure 3. Figure depicting the five mitochondrial proteins with the largest relative decrease in abundance in
response to Parkin activation in unbiased quantitative proteomics experiments. They differ in the number of
transmembrane domains they possess, their size, and their association with other proteins, indicating a diversity
of mitochondrial substrates toward which Parkin has high activity. Three of the substrates, Mfn1, Mfn2, and
Miro1, have been extensively validated as physiologic substrates of Parkin in both insects and mammals by
multiple groups.
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mitochondrial candidates for physiologic sub-
strates of Parkin.

Detailed studies of mitofusins and Miro1
support their relative physiological importance
amongproposedParkinsubstrates.Toourknowl-
edge, Mfn1/Mfn2 and Miro1 are the only mito-
chondrial substrates showntobe ubiquitinatedor
degraded by endogenous levels of Parkin (Poole
etal.2010;Tanakaetal.2010;Wang etal.2011;Liu
et al. 2012). Additionally, they are the only pro-
teins reported to be targeted by the PINK1/Par-
kin pathway in both insects and mammals (Gegg
et al. 2010; Poole et al. 2010; Tanaka et al. 2010;
Ziviani et al. 2010; Chan et al. 2011; Rakovic et al.
2011; Wang et al. 2011). Finally, Mfn1/Mfn2 and
Miro1 are quantitatively modified following
PINK1/Parkin activation, whereas a relatively
small portion of the protein pool appears to be
modified in the case of other proposed substrates,
such as VDAC1. Together these findings argue
that Mfn1/2 and Miro1 are physiologically rele-
vant substrates of the PINK1/Parkin mitochon-
drial quality control pathway.

PINK1 AND PARKIN REGULATE
MITOFUSINS TO ISOLATE IMPAIRED
MITOCHONDRIA

The mitofusin orthologs (Mfn1 and Mfn2 in
mammals, Fzo1 and MARF in flies, and Fzo1 in
yeast) are GTPases that mediate outer mitochon-
drial membrane fusion (Hales and Fuller 1997).
Their disruption in mice and yeast leads to a
highly fragmented mitochondrial network as
well as loss of mitochondrial fidelity, as reflected
in decreased mtDNA copy number, an increased
number of mtDNA mutations, and an accompa-
nying bioenergetic deficit (Hermann et al. 1998;
Rapaport et al. 1998; Chen et al. 2010b).

The degradation of the mitofusins by Parkin
appears to help isolate failing mitochondria
from the mitochondrial network by preventing
their outer membrane fusion with more bio-
energetically competent mitochondria. If the
isolation of the dysfunctional mitochondria is
inhibited (e.g., by disruption of the mitochon-
drial fission machinery), then mitophagy of the
dysfunctional mitochondria is delayed (Tanaka
et al. 2010).

Whereas the PINK1/Parkin pathway ap-
pears to regulate the fusion machinery selective-
ly on dysfunctional mitochondria as a quality
control measure, it does not appear to play an
important role in the basal regulation of the fu-
sion machinery in mammalian cells. Mitofusin
levels are not substantially altered following
knockdown or knockout of endogenous Parkin
or PINK1 in the absence of mitochondrial stress
(Gegg et al. 2010; Tanaka et al. 2010; Chan et al.
2011; Rakovic et al. 2011). Likewise, several re-
ports have shown a minimally changed or more
fragmented mitochondrial network following
knockdown or elimination of Parkin or PINK1
in cultured mammalian cells (Exner et al. 2007)
or in tissues analyzed ex vivo (Gautier et al.
2008).

In Drosophila, in contrast, the dPink1/dPar-
kin pathway does appear to play a critical role in
the basal regulation of the fusion/fission ma-
chinery. Depletion of Parkin in Drosophila my-
ocytes or cultured S2 cells leads to a substantial
decrease in mitofusin ubiquitination and in-
crease in mitofusin levels (Poole et al. 2010; Zi-
viani et al. 2010). Coinciding with the decrease
in ubiquitinated mitofusin the mitochondrial
network becomes hyperfused, indicating that
the dPink1/dParkin pathway has a strong effect
on the overall mitochondrial fission/fusion
balance under basal conditions (Ziviani et al.
2010). Additionally, a loss of the basal regulation
of mitochondrial dynamics by disruption of the
dPink1/dParkin pathway appears to be at least
partially responsible for the abnormal muscle
and sperm phenotype observed, as evidenced
by the partial amelioration of the dParkin or
dPink1 null phenoytpe by genetic alterations
that promote increased fission (Deng et al.
2008; Poole et al. 2008; Yang et al. 2008).

PINK1/PARKIN PATHWAY REGULATES
MIRO LEVELS TO IMMOBILIZE
MITOCHONDRIA

Miro1 and Miro2, homologous EF-hand-con-
taining adaptor proteins anchored in the OMM,
form a complex with Milton and kinesin to pro-
mote the transport of mitochondria toward the
plus-end of microtubules (Stowers et al. 2002;
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Guo et al. 2005). Miro1/2 are regulated by cal-
cium via their EF-hands to promote pausing in
the presence of high calcium concentrations
(Saotome et al. 2008; Macaskill et al. 2009;
Wang and Schwarz 2009). The dwelling of mi-
tochondria in pools of higher calcium may help
buffer the local calcium keeping the calcium rise
spatially and temporally restricted. Miro1 is also
a protein component of ER-mitochondrial con-
tact sites (Kornmann et al. 2011). These sites
also help to hem in calcium transients by form-
ing a synapse between a major site of calcium
release (the ER) and a major site of calcium
buffering (the mitochondria) (Rizzuto et al.
1998). In addition, these contact sites allow
phospholipid exchange between the organelles,
which is necessary for the synthesis of certain
phospholipids (reviewed in Osman et al. 2011).

The first indication that the Parkin/PINK1
pathway may regulate the Miro1/Milton com-
plex came from the observation that a portion
of the mitochondrial PINK1 pool exists in com-
plex with Miro1 and Milton (Weihofen et al.
2009). Subsequently, it was shown that Miro1
is degraded under conditions that activate Par-
kin (e.g., treatment with a mitochondrial un-
coupler) and that its degradation depends on
the presence of endogenous levels of Parkin
and PINK1 (Wang et al. 2011; Liu et al. 2012).
The degradation of Miro1 leads to arrest of the
dysfunctional mitochondria in neurons, which
may prevent their transport to energy-hungry
areas of the cell at the expense of bioenergeti-
cally viable mitochondria (Wang et al. 2011; Liu
et al. 2012). The degradation of Miro1 also ap-
pears to promote the subsequent mitophagy of
the impaired mitochondria (Liu et al. 2012).

In cultured mammalian cells, activation of
the Parkin/PINK1 pathway promotes net retro-
grade movement of mitochondria resulting in
the concentration of mitochondria near the
microtubule-organizing center rather than mi-
tochondrial pausing (Vives-Bauza et al. 2010).
This transport is inhibited by nocodazole,
which causes microtubule depolymerization,
suggesting that it occurs along the microtubular
tracks (Vives-Bauza et al. 2010). Similarly, loss
of Parkin causes clustering of mitochondria
around the plus-end of microtubules in Dro-

sophila follicular cells, suggesting that Parkin
also promotes net mitochondrial transport to-
ward the minus end of microtubules in this tis-
sue (Cox and Spradling 2009). Degradation of
Miro1 may also be responsible for these Parkin-
induced changes in mitochondrial transport.
They may also depend on HDAC6, a microtu-
bule binding protein that is recruited to mito-
chondria following the activation of Parkin by
PINK1 (Lee et al. 2010).

Similar to the situation with mitochondri-
al fission, Parkin/PINK1 appears to be more
important for basal mitochondrial transport
in Drosophila relative to mice. Knockdown of
dParkin or dPink1 in Drosophila leads to an in-
crease in anterograde and retrograde mitochon-
drial transport within neurons, presumably
caused by stabilization of the Miro1/Milton/
Kinesin complex (Wang et al. 2011). However,
knockout of Parkin or Pink1 in mice does not
appear to significantly increase the likelihood of
mitochondrial transport in the absence of mi-
tochondrial stress, consistent with a quiescent
PINK1/Parkin pathway when the mitochondria
are healthy (Wang et al. 2011).

The relative importance of the Pink1/Par-
kin pathway for the basal regulation of mito-
chondrial transport and mitochondria fission/
fusion in insects versus mammals may help ex-
plain the disparity in phenotype severity be-
tween the two classes of organisms. Pink1/Par-
kin appears to play an important housekeeping
function in flies by controlling levels of the mi-
tofusins and Miro, which are produced in ex-
cess. Consistent with a basal requirement for
dPink1 and dParkin, their loss leads to severe
disruption of multiple tissues. In mammals, in
contrast, the PINK1/Parkin pathway appears to
be kept in reserve until mitochondrial damage is
suffered, thus triggering its activation. Conse-
quently, in mice and humans dysfunction ap-
pears only in the most vulnerable tissues and at
a relatively late stage of life.

MECHANISM OF PARKIN-INDUCED
MITOPHAGY

Although the degradation of mitofusins and
Miro by Parkin may explain the effect of the
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PINK1/Parkin pathway on mitochondrial dy-
namics and transport and their degradation
may promote the subsequent mitophagy (Tana-
ka et al. 2010; Liu et al. 2012), likely they do not
fully explain how Parkin promotes mitophagy.
Parkin, for instance, still induces the autophagy
of depolarized mitochondria in mouse fibro-
blasts null for Mfn1 and Mfn2 (Tanaka et al.
2010; Chan et al. 2011).

The leading hypothesis for the mechanism
of Parkin-induced mitophagy is that the stable
ubiquitination of some OMM proteins by Par-
kin serves as a positive signal for autophagy
through an interaction with adaptor proteins
that mediate selective autophagy. Such as mech-
anism has been proposed for the selective au-
tophagy of other organelles, such as peroxi-
somes, as well as some intracellular bacteria,
and ribosomes (reviewed in Johansen and La-
mark 2011).

To date, no Parkin substrate has been con-
vincingly shown to be required for mitophagy.
A single report proposed that VDAC1 is re-
quired for mitophagy (Geisler et al. 2010a).
However, this report, which used siRNA knock-
down of VDAC1, has not been reproduced. A
subsequent report by our group found that Par-
kin-induced mitophagy occurs in mouse fibro-
blasts null for VDAC1 and VDAC3 (Narendra
et al. 2010a). Additionally, only a small fraction
of the VDAC1 pool appears to be ubiquitinat-
ed by overexpressed Parkin, and VDAC1 has
not been shown to be ubiquitinated by endog-
enous levels of Parkin and PINK1, calling into
question whether VDAC1 is a specific substrate
of Parkin (Narendra et al. 2010a). This is in
marked contrast to the situation with the mito-
fusins and Miro, in which endogenous levels of
Parkin and PINK1 are sufficient to ubiquitinate
most of the substrate pool (Tanaka et al. 2010;
Wang et al. 2011; Liu et al. 2012).

The identification of specific Parkin sub-
strates that are not subsequently degraded might
benefit from additional quantitative proteomics
studies. Using a recently described antibody, the
tryptic digests of proteins can now be enriched
for diglycine-modified peptides (the stigmata of
ubiquitination following protein digestion with
trypsin), facilitating the direct identification of

ubiquitinated proteins (Xu et al. 2010; Kim et al.
2011b). These substrates may have a ubiquitin
chain with a specific linkage that does not bind
the proteasome subunits, explaining why they
are not degraded following ubiquitination. Pol-
yubiquitin chains with a K63 linkage, for in-
stance, usually do not direct the substrate to
the proteasome for degradation (reviewed in
Winget and Mayor 2010). Parkin has been
shown to induce the K63 polyubiquitination
of unidentified OMM proteins, using both an-
tibodies specific for particular diubiquitin link-
ages (Narendra et al. 2010a; Okatsu et al. 2010;
Chan et al. 2011) and quantitative mass spec-
trometry based techniques (Chan et al. 2011).

Once ubiquitinated, mitochondrial surface
proteins may interact with ubiquitin-binding
adaptor proteins that connect the ubiquitinated
proteins with the autophagy machinery. p62 and
the related NBR1 appear to act as autophagy
adaptors for peroxisomes, intracellular bacte-
ria, and protein aggregates (reviewed in Johan-
sen and Lamark 2011). p62 has been shown to be
recruited to mitochondria ubiquitinated by
Parkin (Geisler et al. 2010a; Lee et al. 2010; Nar-
endra et al. 2010a; Okatsu et al. 2010), and the
quantitative proteomics studies described above
show that p62 and NBR1 exhibit a larger fold
increase in the membrane fraction than any oth-
er protein detected following Parkin activation
(Chan et al. 2011). Although p62 mediates mi-
tochondrial clumping, it does not appear to be
necessary or sufficient for mitophagy (Narendra
et al. 2010a; Okatsu et al. 2010). Parkin-induced
mitophagy occurs in fibroblasts from p62 null
mice to a similar extent as in wild-type cells
(Narendra et al. 2010a; Okatsu et al. 2010), and
recruitment of p62 to mitochondria by an
OMM targeted ubiquitin fusion protein does
not induce mitophagy (Narendra et al. 2010a)
(but see Geisler et al. [2010a] and Lee et al.
[2010] for RNA interference data suggesting
that p62 is limiting for Parkin-induced mitoph-
agy). Nonetheless, it is possible that p62 and
NBR1 together are necessary and/or sufficient
for Parkin-induced mitophagy. Drosophila have
only one p62 ortholog, called ref(2)P. A recent
report suggested that Parkin overexpression res-
cues mitochondrial damage induced by a
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misfolded matrix protein by a mechanism that
requires both the autophagy gene atg1 and
ref(2)P, consistent with the p62 ortholog func-
tioning as an autophagy adaptor in this pathway
(Pimenta de Castro et al. 2012). Future studies
may reveal whether p62 and NBR1 together me-
diate autophagy in mammalian cells after OMM
proteins are tagged with ubiquitin by Parkin.

A recent study showed that autophagosome
formation is initiated adjacent to mitochondria
following Parkin recruitment. The most up-
stream complex in the autophagy pathway, the
ULK1–Atg13–FIP200–Atg101 complex, ap-
pears to be recruited near mitochondria (Itakura
et al. 2012). Although p62/NBR1 has tradition-
ally been thought to engage the autophagy ma-
chinery only after LC3-II has been incorporated
into the mature phagophore, this may not pre-
clude its role in the PINK1/Parkin pathway as
p62/NBR1 also appears at the site of autopha-
gosome formation early in the process: It colo-
calizes with the ULK1–Atg13–FIP200–Atg101
complex even in the absence of LC3 lipidation.
Its subsequent interaction with LC3-II may pro-
mote efficient incorporation of the cargo (Ita-
kura and Mizushima 2011).

CONCLUDING REMARKS

Studies published over the last six years have
established a model for the PINK1/Parkin
pathway of mitochondria quality control. This
model is centered on three reproducible obser-
vations: (1) Parkin displays little activity toward
mitochondrial proteins under basal conditions;
(2) PINK1 accumulation on an impaired mito-
chondrion activates Parkin and constrains its
activity to substrates on the impaired mito-
chondrion; and (3) Parkin ubiquitinates outer
mitochondrial membrane proteins, most nota-
bly the mitofusins and Miro1, and induces the
autophagic removal of impaired organelles.
Whereas these findings are robust in cell culture
in the presence of supraphysiological concen-
trations of Parkin, it has yet to be convincingly
shown in vivo.

Given the strong genetic interaction be-
tween PINK1 and a Parkin in model systems
and the similar disease caused by mutations in

either PINK1 or Parkin in humans, the PINK1/
Parkin mitochondrial quality control pathway is
likely relevant to the pathogenesis of early onset
parkinsonism.

We propose that this model may also pro-
vide a means of evaluating the relevance of nov-
el PINK1 and Parkin substrates to the pathogen-
esis of early-onset parkinsonism. A zinc-fin-
ger protein renamed PARIS (parkin interacting
substrate), for instance, was recently proposed
to be a substrate of Parkin (Shin et al. 2011). As a
putative repressor of PGC1-a, its degradation
by Parkin was found to promote mitochondrial
biogenesis. As with other proposed Parkin sub-
strates, demonstrating that its degradation by
Parkin depends on PINK1 would support its
relevance to the pathogenesis of early-onset par-
kinsonism. Likewise, PINK1 has been proposed
to physically or genetically interact with OMI/
HTRA2 (Plun-Favreau et al. 2007), TRAP1
(Pridgeon et al. 2007), PGAM5 (Imai et al.
2010), and others. Although these interactions
may reflect physiological functions of PINK1,
parsimony would suggest that their relevance
to the pathogenesis of early-onset parkinsonism
may hinge on a genetic interaction with Parkin
as well.

The unraveling of the PINK1/Parkin mito-
chondrial quality control pathway also holds
great promise for the development of therapies
aimed at sporadic Parkinson’s disease as well as
other disorders in which mitochondrial dys-
function drives pathogenesis. The ability of Par-
kin overexpression to clear mitochondria har-
boring deleterious mtDNA mutations shows
the therapeutic potential of PINK1/Parkin up-
regulation for the treatment of mitochondrial
disorders. The robust recruitment of fluores-
cent protein tagged Parkin to mitochondria
on activation by PINK1 and the robust degra-
dation of mitochondria following Parkin acti-
vation provide read-outs for high-throughput
screens for activators and inhibitors of the
PINK1/Parkin pathway. Whole genome siRNA
and large library small compounds screens for
PINK1/Parkin activators and inhibitors are
currently underway by groups in government,
academia, and industry. It is hoped that these
efforts will uncover novel therapeutics for the
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treatment of Parkinson’s disease as well as other
mitochondrial disorders for which few disease-
modifying therapies now exist.
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