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Abstract

Mitochondria, which convert energy for the cell, accumulate damage with age, and the resulting mitochondrial
dysfunction has been linked to the development of degenerative diseases and aging. To curb the accumulation of
damaged mitochondria, the cell has elaborated a number of mitochondrial quality control processes. We de-
scribe recent work suggesting that Parkin and PTEN-induced putative kinase 1 (PINK1), two gene products
linked to familial forms of parkinsonism, may constitute one of the cell’s mitochondrial quality control
pathways—identifying impaired mitochondria and selectively trimming them from the mitochondrial network
by mitophagy. In particular, we discuss the regulation of PINK1 protein expression and Parkin localization by
the bioenergetic status of individual mitochondria; the mechanism by which PINK1 recruits Parkin to the outer
mitochondrial membrane; and Parkin’s promotion of mitophagy through its ubiquitination of outer mito-
chondrial membrane proteins. This recent work suggests that Parkin and PINK1 may be among the first
mammalian proteins identified with a direct role in regulating mitophagy, and implicate a failure of mitophagy

in the pathogenesis of Parkinson’s disease. Antioxid. Redox Signal. 14, 1929-1938.

Introduction

THE MITOCHONDRIAL ELECTRON transport chain couples
reduction of oxygen to proton transport across the inner
mitochondrial membrane. The electrochemical potential this
transport produces drives ATP production, calcium buffer-
ing, and mitochondrial protein import, among other mito-
chondrial processes that are critical for eukaryotic life. Side
reactions in this conversion, however, produce harmful re-
active oxygen (ROS) and nitrogen species that damage mito-
chondria and other cellular components. In animal models,
both increased oxidative damage and the decreased energy
production from dysfunctional mitochondria may exacerbate
the aging phenotype (20, 33, 46). Additionally, these appear to
contribute to specific diseases of aging, such as the neurode-
generative disorders Alzheimer’s disease, amyotrophic lateral
sclerosis, and Parkinson’s disease (49).

To slow the accumulation of mitochondrial damage that
occurs with aging, the cell has elaborated a number of quality
control (QC) processes. Mitochondrial proteins damaged by
local superoxide production can be broken down on site by
mitochondrial proteases such as the mAAA protease complex
(1). If the accumulated damage has not led to severe loss of
function, mitochondria harboring oxidatively damaged

mitochondrial DNA (mtDNA) can fuse with more bioe-
nergetically active mitochondria to borrow missing compo-
nents of their electron transport chain and/or mitochondrial
transfer RNAs, a process known as functional complemen-
tation (3). Mitochondria that have accumulated greater
damage and are no longer able to maintain a membrane po-
tential, however, appear to be targeted to lysosomes and de-
graded in a process known as quality control autophagy
(hereafter QC mitophagy), after which they may be replaced
by the progeny of more bioenergetically active mitochondria.
We and others have proposed that PTEN-induced putative
kinase 1 (PINK1) and Parkin (both of which are linked to
recessive parkinsonism) constitute one of the cell’s QC mito-
phagy pathways. The PINK1/Parkin QC pathway appears to
be bioenergetically regulated at the level of the individual
mitochondrion, which allows for the selective recognition and
elimination of dysfunctional mitochondria by targeted mito-
phagy. Recent advances in our understanding of PINK1/
Parkin QC mitophagy are the focus of this review.

PINK1/Parkin Quality Control Pathway in Drosophila

Parkin, a largely cytosolic E3 ubiquitin ligase, was shown in
1998 to cause a recessive form of parkinsonism (18). Studying

1Biochemistry Section, Surgical Neurology Branch, National Institute of Neurological Disorders and Stroke, National Institutes of Health,

Bethesda, Maryland.

*Medical Research Council Mitochondrial Biology Unit, Cambridge, United Kingdom.
*National Institutes of Health-Oxford-Cambridge Scholars Program, Bethesda, Maryland.

1929



1930

a Drosophila model of Parkin disease, a few years later Leo
Pallanck and colleagues provided the first strong evidence
linking Parkin to a mitochondrial quality control pathway
(12, 50). Drosophila lacking Parkin appear grossly normal after
ecclosure. As the flies age, however, they lose their ability to
fly due to degeneration of their flight muscles, the males are
sterile, and a cluster of their dopaminergic neurons degener-
ates. Interestingly, mitochondria in the affected tissues appear
very dysmorphic by electron and light microscopy and are
dysfunctional with less efficient oxidative phosphorylation
and increased ROS production. These mitochondrial defects
precede visible derangement of the muscle fibers, suggesting
that the mitochondrial dysfunction is an early event in the
degeneration. Additionally, the mitochondrial dysfunction
and muscle degeneration is progressive and can be sup-
pressed by decreasing basal levels of oxidative stress (through
upregulation of the glutathione detoxifying pathway),
pointing to loss of a mitochondrial quality control pathway as
a possible cause of the Parkin null phenotype.

Shortly after the mitochondrial kinase PINK1 was also
linked to families with recessive parkinsonism (47), three
groups independently observed that Drosophila null for Pink1
have the same unusual phenotype as Parkin knockout flies (5,
38, 53). This suggested that Parkin and Pink1 may function in
the same genetic pathway, a notion that was supported by the
observation that knockout of both Parkin and Pink1 appeared
no worse than knockout of either Parkin or Pink1 on its own.
Additionally, these groups observed that Parkin over-
expression partially rescued the phenotype of Pink1 null flies,
whereas Pink1 overexpression failed to rescue the phenotype
of Parkin null flies. This observation suggested not only that
Pink1 and Parkin operate in a common pathway but also that
Pink1 acts genetically upstream of Parkin in the pathway.
Finally, because Pinkl had a strong mitochondrial localiza-
tion signal and exogenously expressed Pinkl1 is clearly tar-
geted to mitochondria in Drosophila and human cells, by
linking Parkin to Pink1 (a bone fide mitochondrial protein),
these studies supported the contention that Parkin may play a
primary role in a mitochondrial quality control pathway.

Conservation of a PINK1/Parkin Mitochondria Quality
Control Pathway in Mammals

Studies in mice, most notably by Jie Shen’s group (10, 34),
supported the notion that PINK1 and Parkin are important for
preserving mitochondrial function in the brain. Loss of Pink1
or Parkin in mice results in a less dramatic phenotype than is
observed in Drosophila, and unlike humans, loss of Pink1 and
Parkin function in mice does not result in degeneration of
dopaminergic neurons in the substantia nigra, or parkinson-
ism. Nonetheless, mice null for Pink1 or Parkin exhibit syn-
aptic dysfunction in neurons projecting to the striatum and
this synaptic dysfunction correlates with progressive loss of
mitochondrial function and increased oxidative stress in the
striatum with age. The phenotype of the Pinkl and Parkin
double knockout is similar to the single knockouts (19), which
is at least consistent with the notion that Pinkl and Parkin
may function in a common pathway in mice.

Loss of function mutations in PINK1 or Parkin have also
been associated with mitochondrial dysfunction in cells from
patients with familial forms of parkinsonism (9, 26, 27), sug-
gesting that PINK1 and Parkin may form an evolutionarily
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conserved quality control pathway that protects against mi-
tochondrial dysfunction.

Regulation of Parkin Mitochondrial Localization
by Mitochondrial Membrane Potential

While Parkin and PINK1 seemed to play a role in mito-
chondrial quality control in vivo, the molecular basis for this
protection was obscure. In particular, because Parkin ap-
peared to be predominately a cytosolic protein under basal
conditions, it was unclear whether Parkin suppressed the
mitochondrial dysfunction observed in vivo from a distance or
through specific interactions with mitochondrial proteins.

Screening for conditions under which Parkin might be on
mitochondria, we found that Parkin’s subcellular localization
can be regulated by the bioenergetic status of individual mi-
tochondria in the cell (29) (Fig. 1). While Parkin normally re-
sides in the cytosol, it is robustly recruited to mitochondria
treated with carbonyl cyanide m-chlorophenylhydrazone
(CCCP), a drug that increases the inner membrane perme-
ability to protons, thereby dissipating both the voltage (4%)
and chemical component (ApH) of the protonmotive force. In
HeLa cells, the recruitment begins ~25min after treatment
with CCCP, although the dynamics of Parkin recruitment
differ between cell types (31). Upon further examination, it
appeared that Parkin recruitment is predominately respon-
sive to the voltage component (4¥) of the membrane poten-
tial, as it could also be recruited to mitochondria by
valinomycin, which increases inner membrane permeability
to potassium (thereby dissipating the electrical but not the
chemical component of the protonmotive force), and not by
nigericin, which reduces ApH but not 4¥, by promoting K* /
H™ exchange across the inner membrane (30). As was later
shown by Przedborski and colleagues, Parkin can also be re-
cruited by antimycin in combination with oligomycin, which
leads to collapse of the protonmotive force by blocking proton
translocation by the respiratory chain and the F,F,-ATPase
(48). Additionally, in RhoO cells, which lack mtDNA and a
functional ETC, Parkin is recruited after inhibition of the F;-
ATPase by azide, leading to collapse of the residual proto-
nmotive force in these cells (45). The induction of Parkin
recruitment by CCCP is unlikely to be due to increased mi-
tochondrial ROS production, as CCCP treatment leads to a
decrease in ROS production in HeLa cells (23), and the CCCP-
induced recruitment of Parkin is not blocked by antioxidants,
such as N-acetylcysteine (8, 29), or inhibitors of permeability
transition, such as cyclosporine (48).

We find that in addition to chemical uncouplers and oxi-
dative phosphorylation inhibitors, Parkin can be recruited to
mitochondria by relatively long exposure to oxidative stress
(after treatment with paraquat), chronic loss of mitochondrial
fusion, or loss of mitochondrial DNA integrity (29, 45).
However, in each of these cases the recruitment of Parkin
correlates with loss of A¥ at the level of individual mito-
chondria, suggesting that collapse of A is likely the signal for
Parkin recruitment in these cases as well. Although it was
recently suggested that treatment with H,O, induces Parkin
recruitment in the absence of A¥ collapse, the interpretation
of these data is difficult as membrane potential was assessed
at the population level while Parkin recruitment was assessed
in individual cells by microscopy (41). This discrepancy may
be resolved by examination of membrane potential and
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FIG.1. Schematic depicting ion transport across the inner mitochondrial membrane. Parkin is recruited to mitochondria
with low voltage (4¥) across the inner mitochondrial membrane. (To see this illustration in color the reader is referred to the

web version of this article at www.liebertonline.com/ars).

Parkin recruitment at the level of individual mitochondria after
treatment with H,O,. Collapse of membrane potential has now
been shown to recruit both endogenous and tagged Parkin to
mitochondria by several independent groups and in a variety of
cell lines (8, 11, 15, 22, 25, 29, 45, 48, 57). These include HEK293,
HelLa, and 143B osteosarcoma cells; neuronal-like M17 and SH-
SY5Y cells; Drosophila S1 cells; primary and transformed mouse
embryonic fibroblasts; primary human fibroblasts; and primary
cortical neurons. Together, these findings suggest that the reg-
ulation of Parkin localization by collapse of A¥ is robust and
may be evolutionarily conserved in metazoans.

Study of cells with bioenergetically heterogenous popula-
tions of mitochondria (due to paraquat-induced damage, a
chronic fusion defect, or an mtDNA mutation) provides
additional clues as to how Parkin is regulated by membrane
potential (29, 45). In a cell in which some mitochondria are
bioenergetically active and some are depolarized, Parkin is
preferentially recruited to the mitochondria that have lost
membrane potential. This suggests that the recruitment of Par-
kin to depolarized mitochondria is regulated in a mitochondria-
autonomous fashion: that is, the molecular events between loss
of membrane potential and Parkin recruitment are confined to
the individual mitochondrion that has suffered 4% collapse.

PINK1 Signals 4% Collapse to Parkin

PINKT1 appears to play a pivotal role in communicating A
collapse to Parkin. PINK1, which is most likely anchored to
the outer mitochondrial membrane by a transmembrane do-
main (at least under depolarizing conditions), is normally
expressed at low levels on mitochondria, due to its constitu-
tive two-step processing on bioenergetically active mito-
chondria (24, 25, 31). In the presence of a membrane potential,
newly imported PINKI is rapidly cleaved from mitochondria

by an unidentified protease and is subsequently degraded ina
proteasome-dependent manner. Interestingly, the first pro-
teolytic step is voltage sensitive, and, like most outer mem-
brane proteins, the import of PINKI is voltage insensitive.
Thus, while PINKI1 is normally kept at low levels on healthy
mitochondria, it rapidly and selectively accumulates on mi-
tochondria that have lost membrane potential.

As was originally reported by Kim and colleagues, in-
creasing PINK1 levels in the cell is sufficient to recruit Parkin
to mitochondria (17), and as we and others demonstrated, the
expression of PINK1 is necessary for the recruitment of Parkin
to depolarized mitochondria (25, 31, 48, 57).

Together, these findings suggested to us a partial model for
the communication of A¥ collapse to Parkin (31) (Fig. 2). In this
model, the selective inhibition of PINK1 cleavage after A¥
collapse leads to its rapid accumulation on mitochondria, and
the accumulated PINKI1 selectively recruits Parkin to the de-
polarized mitochondria. This model predicts that stable ex-
pression of PINK1 on the outer mitochondrial membrane
should robustly recruit Parkin to mitochondria in the absence of
AW collapse. To test this hypothesis, we generated a PINK1
fusion protein with increased stability on the outer mitochon-
drial membrane. The stabilized PINK1 fusion protein recruited
Parkin to mitochondria more efficiently than full-length PINK1,
consistent with the proposed model in which mitochondrial
dysfunction induces Parkin recruitment by stabilizing PINK1.

In addition to the questions it resolves, the model also
highlights what is still poorly understood about how Parkin is
recruited and activated by A¥ collapse: namely, (i) how A¥
collapse inhibits PINK1 cleavage, that is, the identity of the
AY sensor in the system; and (ii) how accumulated PINK1
recruits and activates Parkin.

In answer to the first question, it is tempting to speculate
that PINK1’s import and cleavage may be coupled and that
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these coupled processes may constitute the A% sensor of the
PINK1/Parkin QC pathway. PINK1 appears to be targeted to
mitochondria differently depending on whether or not the
mitochondria have a membrane potential. In the presence of a
membrane potential, a canonical mitochondrial targeting
signal in PINK1’s N terminus appears capable of engaging the
translocase of the inner membrane subunit Tim23 (Tim23)
import pathway, which is A¥ dependent. Fusion of PINK1’s
mitochondrial targeting signal (MTS) to cyan fluorescent
protein targets cyan fluorescent protein to the matrix, dem-
onstrating that the MTS is sufficient for targeting along the
canonical Tim23 pathway (44). Similarly, removal of the pu-
tative transmembrane (TM) sequence directly after PINK1’s
MTS results in targeting of PINK1 to the matrix (56). This
suggests that in the absence of the TM, which acts as a stop
transfer, PINK1 is likely imported by the Tim23 pathway to
the matrix. However, PINK1 continues to be targeted to mi-
tochondria in the presence of uncouplers like CCCP and vali-
nomycin (which inhibit the Tim23 pathway) and does not
require most of its canonical MTS for targeting to the outer
membrane (11, 24, 25, 31, 48, 56). We suggest that these two
modes of mitochondrial targeting, one in the presence of a
membrane potential and one in the absence of a membrane
potential, may act as the AY¥ sensor. In this scenario, PINK1’s
MTS would engage the Tim23 complex in the presence of a
membrane potential. This interaction would position PINK1
for cleavage by the protease, maintaining low levels of PINK1
on mitochondria and suppressing Parkin activation. In the
absence of a membrane potential, however, PINK1 would not
engage the Tim23 complex and would not be cleaved. Instead,
it would be targeted to the outer membrane where it can ac-
cumulate and activate Parkin. Whether this model is correct
and exactly how this might work will require additional study
into the mechanism of PINK1 mitochondrial import in the
presence and absence of a membrane potential and the mech-
anism of PINKI cleavage (e.g., the identification of PINK1’s
cleavage site and the protease(s) responsible for its cleavage).
How accumulated PINK1 on the outer mitochondrial
membrane recruits Parkin to mitochondria and activates

sion of this article at www
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AW Impaired Mitochondrion

Parkin is more mysterious. PINK1 appears able to direct
Parkin to mitochondria with collapsed A¥, and thus it seems
PINKTI is able to selectively increase the affinity of some mi-
tochondria for Parkin but not others. In addition, because
PINK1 with its catalytic lysine mutated fails to recruit Parkin,
likely PINK1’s kinase activity is required for Parkin recruit-
ment and activation (11, 31, 48).

Several models for the recruitment and activation of Parkin
by PINK1 have been proposed and each has strengths and
weaknesses (Fig. 3). In what might be called the “binding”
model, PINK1 and Parkin are postulated to form a complex.
In this model, under basal conditions most of Parkin is in the
cytosol because little PINK1 is present on the outer membrane
to bind Parkin. As PINK1 accumulates in response to mito-
chondrial damage, it binds Parkin, thereby anchoring it to the
surface of the impaired mitochondria. The binding model
explains why Parkin has increased affinity for some mito-
chondria and not others (some mitochondria display more
PINKT1 on their surface and therefore some mitochondria have
a higher Parkin binding capacity than others), and in support
of the model several groups have reported that Parkin and
PINK1 coimmunoprecipitate (42, 51). In addition, both Parkin
and PINK1’s kinase domain are on the cytosolic face of the
outer mitochondrial membrane after depolarization, making
a direct interaction at least plausible (31, 48, 56). However, the
model does not explain why PINK1’s catalytic lysine is re-
quired for Parkin recruitment to mitochondria. While it is
possible that mutating the PINK1’s catalytic lysine disrupts
Parkin binding, PINK1 K219M appears to coimmunopreci-
pitate Parkin as well as wild-type PINK1 (42), suggesting that
this is unlikely to be the reason PINK1’s kinase activity is
required for Parkin recruitment.

In what might be called the direct phosphorylation model,
PINK1 renders Parkin active and competent for recruitment
through direct phosphorylation. While this model explains
why PINK1'’s kinase activity is required for Parkin recruit-
ment, it has more difficulty explaining how PINK1 directs
Parkin to a subset of mitochondria. In this model it is also
not clear why PINK1 lacking its mitochondrial-targeting
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Several models for the recruitment of Parkin to mitochondria by the kinase PINKI. In the direct binding model,

PINK1 recruits Parkin through direct binding. In the direct phosphorylation model, phosphorylation of Parkin by PINK1
increases Parkin’s affinity for depolarized mitochondria. In the shared substrate model, PINK1’s phosphorylation of mito-
chondrial proteins increases their affinity for the E3 ubiquitin ligase Parkin. (To see this illustration in color the reader is
referred to the web version of this article at www liebertonline.com/ars).

N-terminus fails to induce Parkin recruitment until after its
association with mitochondria is forced, for example, through
induced heterodimerization (31). The evidence for direct
phosphorylation of Parkin by PINKI1 is mixed, with some
groups reporting direct phosphorylation of purified Parkin or
Parkin peptides by PINK1 (17, 42), and one group failing to
see phosphorylation of Parkin by PINK1 in vitro (48). Asses-
sing whether Parkin is inducibly phosphorylated after depo-
larization in cell culture would help determine whether
Parkin phosphorylation is necessary to increase its affinity for
mitochondria.

Alternatively, in what might be called the shared substrate
model, PINK1 may locally phosphorylate mitochondrial
proteins, thereby increasing their affinity for Parkin. Parkin, in
turn, would promote their ubiquitination. This would explain
both the requirement for PINK1's kinase activity as well as
PINK1’s ability to direct Parkin to a subset of mitochondria.
No PINK1 substrates have been described on the outer mi-
tochondrial membrane, but recently mitochondrial assembly
regulatory factor (Marf), a Drosophila ortholog of the mitofu-
sins, was identified as a Parkin substrate in Drosophila, and
voltage-dependent anion-selective channel protein 1 (VDAC1)
was identified as a Parkin substrate in mammalian cells (11,
57). It will be interesting to learn whether the mitofusins or
VDACI are also substrates of PINK1 and whether their
phosphorylation is required for their ubiquitination by Parkin.

These models, of course, are not mutually exclusive. For
instance, it may be that PINK1 directly or indirectly induces a
conformational change in Parkin and increases the affinity of a
subset of mitochondria for Parkin.

Recruited Parkin Tags Impaired Mitochondria
for Degradation

Shortly after recruitment of Parkin to impaired mitochondria,
a subset of the mitochondria are engulfed by autophagosomes
(29). Amazingly, in cells overexpressing Parkin and treated with
a depolarizing agent or overexpressed PINKI, this induced
mitophagy can go to completion (29, 31). All mitochondria
within the cell can be degraded within 24-96 h, and cells lacking
mitochondria can survive for up to 2 weeks under typical cell

culture conditions. Although this phenomenon (complete deg-
radation of mitochondria) has been reported previously in the
context of cells undergoing apoptosis in the presence of caspase
inhibitors and in the maturation of specialized cell type such as
reticulocytes (13, 52), to our knowledge PINK1 and Parkin are
the first factors described that are minimally sufficient to induce
complete mitophagy in the metazoan cell.

Together, our findings also suggested a model in which
PINK1 and Parkin are regulated by the bioenergetic status of
individual mitochondria, enabling them to survey the mito-
chondrial network and selectively trim dysfunctional mito-
chondria from it (Fig. 4). To test this hypothesis more
rigorously, we examined the effect of altering Parkin expres-
sion in cells containing a stable proportion of wild-type
mtDNA and mtDNA with a deleterious mutation in the
CoxIV subunit, which leads to mitochondrial dysfunction
(45). We hypothesized that if Parkin was able to target and
selectively remove dysfunctional mitochondria containing the
mutant DNA, then over time we should see a shift in the ratio
of wild-type and mutant mtDNA. In cells with 2-6-fold higher
levels of Parkin expression than is observed in endogenous
tissues, almost all of the mutant mtDNA was removed, al-
lowing the cells to repopulate with wild-type mtDNA. This
reversion to wild-type mtDNA was accompanied by a resto-
ration in cytochrome c oxidase enzymatic activity. These
findings support the hypothesis that the PINKI1-Parkin
pathway is able to selectively identify and remove dysfunc-
tional mitochondpria from the cell. It will be interesting to learn
whether manipulating Parkin expression levels can similarly
alter the rate of deleterious mtDNA mutations in vivo.

Parkin’s E3 Ubiquitin Ligase Activity
May Be Required for Mitophagy

How Parkin induces mitophagy after its recruitment and
activation by PINK1 is not fully resolved, but a number of
advances have been made recently (Fig. 5). Parkin promotes
the robust polyubiquitination of mitochondrial proteins after
its recruitment to mitochondria (11, 25). In addition, muta-
tions that disrupt Parkin’s RING domains or lead to loss of the
RING2 domain, which is required for Parkin’s ubiquitin ligase
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FIG. 4. PINK1 and Parkin target depolarized mitochon-
dria for autophagic degradation. PINK1 selectively accu-
mulates on mitochondria with low voltage (4%) across their
inner membranes. The accumulated PINK1 directs Parkin to
mitochondria with low A¥. Parkin tags the dysfunctional
mitochondria with ubiquitin, which likely serves as the sig-
nal for their subsequent degradation in lysosomes. (To see
this illustration in color the reader is referred to the web
version of this article at www liebertonline.com/ars).

activity in vitro (4, 43), disrupt recruitment of Parkin to mi-
tochondria (11, 25, 31). These results suggest that Parkin’s
mitochondrial recruitment may be mediated by its binding to
substrates. A mutation located in a loop within RINGI,
R275W, appears to disrupt Parkin’s ubiquitination of mito-
chondrial proteins as well as its ability to induce mitophagy
without affecting its recruitment to mitochondria (11, 31). This
correlation between mitochondria ubiquitination and mito-
phagy supports the notion that Parkin’s induction of mito-
phagy requires the ubiquitination of mitochondrial proteins.

To date, two potential substrates of Parkin have been
proposed on the outer mitochondrial membrane, one in a
mammalian system, VDAC1 (11), and one in the Drosophila
system, Marf (40, 57), which is an ortholog of the mammalian
mitofusins.

VDACI is ubiquitinated by overexpressed Parkin in
mammalian cells, after mitochondrial depolarization (11).
Ubiquitination of VDACT1 did not appear to affect its stability,
suggesting that VDAC1 ubiquitination may function in a
nonproteasomal pathway, possibly serving as a positive sig-
nal for the autophagy of mitochondria. Consistent with this
view, depletion of VDAC1 by RNA interference was reported
to cause a modest reduction in Parkin recruitment and Parkin-
induced mitophagy after depolarization.
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To explain how ubiquitination of VDAC1 may lead to mi-
tophagy, it was suggested that an adaptor protein, p62, which
can bind both ubiquitin and a protein integral to autopha-
gosomes, light chain 3-II, may recruit autophagosomes to
ubiquitinated VDAC1. A model of this sort has been proposed
for other forms of selective autophagy, including the autop-
hagy of ubiquitinated proteins in the face of ubiquitin pro-
teasome system insufficiency (2, 37), peroxisomes (16), and
some intracellular bacteria (55). In support of this model, it
was reported that p62 is recruited to mitochondria in a Parkin-
and depolarization-dependent manner and that knockdown
of p62 substantially inhibits mitophagy (8, 11, 22). While a
model of this sort may be correct (Parkin tags an outer
membrane protein with ubiquitin, which selectively recruits
autophagosomes via an adapator protein), whether VDAC1
and p62 are necessary or sufficient for Parkin-induced mito-
phagy is in need of additional confirmation. At least in mouse
embryonic fibroblasts lacking VDACI or p62, VDACI (49)
and p62 (28, 32) appear to be dispensible for Parkin-induced
mitophagy, although p62 appears to be required for mito-
chondrial clustering (28, 32). Additionally, we have been
unable to confirm the findings that depletion of p62 by RNAi
leads to a substantial reduction of mitophagy in HeLa cells
(28). Finally, p62 can be recruited to mitochondria by a
mitochondrion-anchored ubiquitin fusion protein, but it fails
to induce substantial mitophagy, suggesting that p62
recruitment to mitochondria may also be insufficient for
mitophagy (28). Therefore, VDAC1 and p62 may not be re-
sponsible for Parkin-induced mitophagy and/or there may be
redundancy both in outer membrane proteins carrying the
ubiquitin tag and in the adaptor proteins linking ubiquiti-
nated mitochondria to autophagosomes. NBR1 (neighbor of
BRCA1 gene 1), for instance, appears to be at least partially
functionally redundant with p62 and may be a good candi-
date for additional investigation.

In addition, it was recently suggested that the Drosophila
mitofusin ortholog Marf may be a substrate of Parkin in
Drosophila cells (40, 57). The mitofusins are GTPases on the
outer mitochondrial membrane and mediate outer membrane
fusion. Thus, their elimination or inhibition by ubiquitination
would be predicted to promote fission of the mitochondrial
network. Consistent with this prediction, ubiquitination of
Marf by Parkin appears to promote mitochondrial fission.
Parkin-induced mitochondrial fission, in turn, appears to be
necessary for mitophagy to proceed (40, 57). This finding is
consistent with previous reports that mitochondrial fission is
necessary for efficient mitophagy and suggests that Marf
ubiquitination may be a permissive event for Parkin-induced
mitophagy, at least in Drosophila. These findings are also
consistent with genetic data in Drosophila suggesting that
genetic alterations that promote net fission of the mitochon-
drial network (e.g., knockdown of Drosophila mitofusins or
overexpression of the mitochondrial fission protein Fisl) can
partially compensate for loss of Parkin or PINK1 (7, 39, 54). It
will be important to determine whether the ubiquitination of
mitofusins by Parkin is conserved in mammalian cells.

Together, these data support the notion that Parkin is act-
ing as an E3 ubiquitin ligase on the outer mitochondrial
membrane after its recruitment resulting from treatment with
CCCP. As new Parkin substrates are identified on mito-
chondria, it will be important to distinguish between proteins
that are incidentally ubiquitinated by overexpressed Parkin
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and substrates that play a substantial role in Parkin-induced
mitophagy. Making this distinction may be challenging if
Parkin has multiple mitochondrial substrates, each of which
contributes something to mitophagy and none of which is
strictly necessary for mitophagy. If Parkin has multiple sub-
strates that serve as a positive signal for mitophagy, it also will
be important to determine the rules that govern which sub-
strate(s) contributes to the pro-mitophagy signal and which
does not.

In addition to promoting mitochondrial fission and mito-
phagy, Parkin appears to promote the minus-end transport of
depolarized mitochondria along microtubules. Shortly after
Parkin recruitment, mitochondria clump and gather in a
perinuclear location (29, 48). This is not observed to the same
extent in cells lacking Parkin, suggesting that it is a Parkin-
dependent phenomenon. The perinuclear gathering of mito-
chondria requires a microtubular network and is likely driven
by increased retrograde transport of mitochondria by the
dynein motor (22, 48). Consistent with this notion, over-
expression of dynactin (which inhibits dynein-driven retro-
grade transport) suppresses the retrograde transport of
mitochondria after Parkin recruitment (22, 48). Recently, it
was suggested that this perinuclear gathering of mitochon-
dria is a prerequisite for Parkin-induced mitophagy, as in fi-
broblasts mitochondria are not cleared by Parkin if the
microtubule network is disrupted by nocodazole treatment
(22). In HeLa cells, however, we find that nocodazole does not
inhibit mitophagy (28). Additionally, in mouse embryonic
fibroblasts lacking p62, mitophagy appears to proceed with-
out mitochondrial clumping as an intermediate (28, 32). To-
gether, these findings suggest that additional work may be
required to sort out the role the microtubular network plays in
Parkin-induced mitophagy.
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In some cell types such as the follicular cells of Drosophila,
Parkin’s primary role may be to promote the transport of
mitochondria to the minus end of microtubules (6). In this
system, because of the unusual radiation of microtubules
from the plus end in the center of the cell to the minus end in
the periphery, Parkin-dependent minus-end movement leads
to the dispersion rather than the concentration of mitochon-
dria in the cell. In the absence of Parkin, mitochondria become
aggregated in the center of follicular cells.

The molecular mechanism governing Parkin regulation of
minus-end transport of mitochondria along microtubules is
not known. It was suggested that histone deacetylase 6
(HDAC®6), which Yao and colleagues had previously found
mediates the minus-end movement of ubiquitinated protein
aggregates to the microtubule organizing center (14), may be
responsible for this minus-end transport of mitochondria (22).
They find that like p62, HDAC6, which has a ubiquitin
binding domain, is recruited to mitochondria that have been
ubiquitinated by Parkin. Additionally, they report that
HDACS6 as well as cortactin promotes Parkin-induced mito-
phagy. While the authors attribute the promotion of mito-
phagy to minus-end transport, it is also possible that HDAC6
and cortactin are promoting mitophagy by increasing the rate
of autophagosome-lysosomal fusion through actin remodel-
ing, as Lee, Yao, and colleagues suggest occurs in the context
of quality control mitophagy (21). HDAC6's involvement in
Parkin-induced minus-end microtubular transport might be
tested in follicular cells of Drosophila, where the situation is
likely not confounded by a potential role for HDAC6 in the
later stages of mitophagy. Whatever the mechanism, as
HDACS6 overexpression was shown to promote the autop-
hagic clearance of protein aggregates in Drosophila models of
Huntington’s disease and Alzheimer’s disease previously (35,
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36), it will be interesting to learn whether HDAC6 over-
expression is similarly able to clear dysfunctional mitochon-
dria from Parkin- and/or Pink1-deficient flies.

Summary

Recent studies have identified Parkin and PINK1 as me-
diators of a mitochondrial quality control pathway. PINK1
expression levels are regulated by the bioenergetic status of
individual mitochondria and drive recruitment of Parkin
from the cytosol to impaired mitochondria. On the outer mi-
tochondrial membrane, Parkin promotes the ubiquitination of
the mitochondrial fusion protein, mitofusin, thereby isolating
the damaged mitochondrion from the mitochondrial net-
work. Parkin also ubiquitinates VDAC1 and likely other
proteins, and ultimately promotes the selective degradation of
the damaged mitochondria by autophagy. Teasing out how
PINKT1 expression is regulated by membrane potential, how
PINK1 directs Parkin to impaired mitochondria, and how
Parkin induces mitophagy remain the central questions for
future work on the PINK1/Parkin mitophagy pathway. Also
important will be determining whether this pathway is of
physiological importance in vivo, and how therapeutic regu-
lation of this pathway might be used to treat diseases resulting
from mitochondrial dysfunction.
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