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The PTEN-induced putative kinase 1 (PINK1) is a mitochondrially targeted serine—threonine kinase, which is
linked to autosomal recessive familial parkinsonism. Current literature implicates PINK1 as a pivotal regula-
tor of mitochondrial quality control, promoting maintenance of respiring mitochondrial networks through
cristae stabilization, phosphorylation of chaperones and possibly regulation of mitochondrial transport or
autophagy. Pulse—chase studies indicate that PINK1 is rapidly processed into at least two shorter forms,
which are distributed in both mitochondrial and cytosolic compartments. Through indirect regulation of mito-
chondrial proteases and Drp1, PINK1 may act to facilitate localized repair and fusion in response to minor
mitochondrial stress. With severe mitochondrial damage, PINK1 facilitates aggregation and clearance of
depolarized mitochondria through interactions with Parkin and possibly Beclin1. This switch in function
most probably involves altered processing, post-translational modification and/or localization of PINK1, as
overexpression of full-length PINK1 is required for mitochondrial Parkin recruitment. Under conditions of
PINK1 deficiency, dysregulation of reactive oxygen species, electron transport chain function and calcium
homeostasis trigger altered mitochondrial dynamics, indicating compromise of mitochondrial quality control
mechanisms. Nevertheless, Parkin- and Beclin1-regulated mitochondrial autophagy remains effective at recy-
cling PINK1-deficient mitochondria; failure of this final tier of mitochondrial quality control contributes to cell
death. Thus, PINK1 plays a pivotal, multifactorial role in mitochondrial homeostasis. As autophagic recycling
represents the final tier of mitochondrial quality control, whether PINK1 levels are enhanced or reduced, strat-
egies to promote selective mitophagy and mitochondrial biogenesis may prove effective for multiple forms of
Parkinson’s disease.

GENETIC FACTORS IN PARKINSON DISEASE:
CONVERGING ON MITOCHONDRIA

Parkinson disease (PD) and related neurodegenerative disorders
are characterized by loss of monoaminergic brainstem neurons
and accumulation of aggregated and oxidatively modified pro-
teins in the form of Lewy bodies and Lewy neurites (1,2).
While most cases of PD are believed to arise from an unknown
combination of environmental factors and genetic suscepti-
bilities, several gene products whose mutations cause familial
parkinsonism have been identified. In the last decade, accelerat-
ing evidence from modeling these molecular genetic alterations

in PD have converged with earlier data from post-mortem and
toxic/environmental studies to implicate mitochondrial dysregu-
lation as a central pathogenic mechanism in PD (3-5).
Autosomal dominant PD can be caused by mutations in the
leucine-rich repeat kinase 2 (LRRK2) gene (6,7) and by mutation
or duplication/triplication of the gene for a-synuclein (8,9), the
hallmark component of Lewy pathology. The proteins implicated
in autosomal recessive parkinsonism include Parkin, DJ-1,
ATP13A2 and PTEN-induced kinase 1 (PINK1) (10—13). Inter-
estingly, dominant forms of familial parkinsonism are often
associated with classic Lewy pathology, although other patterns
can be observed in some LRRK2 families (6). In contrast,
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mutations in Parkin, the most common autosomal recessive
cause of juvenile parkinsonism, are typically not associated
with a-synuclein aggregates. Recently, recessive familial
PINK1 mutations were shown to elicit Lewy body pathology
(92), whereas the neuropathologies associated with mutations
in DJ-1 or ATP13A2 remain to be elucidated (1).

Oxidative stress and mitochondrial electron transport chain
dysfunction have long been considered central factors in PD
based on human tissue studies (14). Mitochondria are central
to the actions of parkinsonian toxins: 1-methyl-4-phenyl-
1,2,3,6-tetrahydroxypyridine  (15), rotenone (16) and
6-hydroxydopamine (6-OHDA) (17,18). DIJ-1 localizes to
mitochondria during oxidative stress, where it exhibits
peroxiredoxin-like activity (19). PINKI1 is a mitochondrially
targeted serine/threonine kinase whose loss of function
causes striking changes in mitochondrial structure and func-
tion [reviewed in (20,21)]. Parkin is an ubiquitin ligase that
has recently been shown to play a key role in autophagic clear-
ance of depolarized mitochondria (22). As a-synuclein also
affects mitochondrial function (23), these studies collectively
implicate a central role for mitochondrial dysregulation in
PD pathogenesis.

Recent studies of PINK1 and its potential relationships to
heat shock protein 75 kDa/TNF-receptor-associated protein 1
(Hsp75/TRAP1), the mitochondrial serine protease high temp-
erature requirement A2 (HtrA2)/Omi and Parkin begin to
implicate a network of pathways converging on mitochondrial
quality control. Rather than linear pathways, a level of func-
tional redundancy is likely to exist for such an important
process, which may explain some apparently disparate obser-
vations in different experimental systems. As PINKI
mutations are associated with accelerated disease presenting
at younger ages, studying the regulation and function of wild-
type PINKI1 should yield therapeutically relevant insights
towards slowing the progression of PD.

OVERVIEW OF MITOCHONDRIAL QUALITY
CONTROL

A simplified overview of mitochondrial quality control includes
the following steps: (a) prevention of damage, (b) localized repair
and proteolysis with dynamic remodeling and (c) autophagic
degradation of entire mitochondrial segments; each of which
also depends upon (d) effective and coordinated biogenesis of
nuclear and mitochondrial DNA-encoded components (Fig. 1).
Mitochondrial fusion facilitates intramitochondrial repair and
exchange of mtDNA (24), whereas fission can serve to tempor-
arily isolate defective segments and/or promote their autophagic
clearance (25,26). Recent studies indicate that key regulators of
mitochondrial health such as PINK1 exhibit coordinated func-
tions at each of these tiers.

A series of heat shock proteins and mitochondrial proteases
regulate: (1) normal biosynthetic processing and assembly of
mitochondrial electron transport chain (ETC) complexes and
mitochondrial ribosomes, (2) refolding or degradation of mis-
folded, oxidized and aggregated proteins and (3) limited pro-
teolysis as a signaling mechanism to regulate mitochondrial
and cellular responses to stress (Fig. 1). Chaperones such as
mitochondrial Hsp70 assist with the import and assembly of
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ETC components in the inner membrane (27). Together with
antioxidant enzymes of the intermembrane and matrix
spaces, these chaperones serve to prevent mitochondrial
protein aggregation and cristac damage, promoting efficient
respiratory function. Oxidative damage and aggregation
triggers chaperone-mediated refolding or proteolysis by
membrane-bound AAA proteases or Lon, which shows par-
ticular selectivity for oxidized proteins. In addition, unfolded
proteins can trigger a mitochondrial unfolded protein response
with retrograde signaling to the nucleus mediated by products
of the mitochondrial CIpP protease. Other regulatory modi-
fications that are triggered include liberation of inner
membrane-tethered HtrA2/Omi by the rhomboid protease
PARL and limited proteolysis of the fusion protein Opal
(28). Combined with altered phosphorylation, ubiquitination
or SUMOylation of the fission protein Drpl (29), these post-
translational modifications modulate fission—fusion dynamics
and potentially cell death in response to mitochondrial stress.

With more severe mitochondrial injury, the fission—fusion
balance tips toward accumulation of isolated mitochondrial
fragments, which may paradoxically show enlarged fluorescent
diameters due to swelling or perinuclear aggregation. Thus,
ultrastructural, three-dimensional fluorescence reconstruction
and live imaging studies each provide complementary infor-
mation for analysis of fission—fusion dynamics. The decreased
probability that depolarized segments of mitochondria will
re-fuse with the mitochondrial reticulum has been proposed as
a mechanism that permits selective autophagic clearance (25),
although other studies indicate that autophagy is an active
participant in fragmenting PINKI-deficient mitochondrial
networks (26).

Mitochondrial autophagy can occur under several circum-
stances. The first occurs during non-selective bulk autophagy
in response to nutrient deprivation. The second is selective
developmental removal of mitochondria in erythrocytes or
lens cells. Selective mitophagy in yeast may also occur in
response to growth conditions where aerobic respiration is
not needed. In these situations, the mitochondria are likely
to have been functional at the time of removal (30,31). In con-
trast, a growing number of recent studies highlight a role for
autophagy in selective removal of damaged mitochondria
(22,26). As discussed below, the regulation of selective auto-
phagy for damaged or depolarized mitochondria represents an
exciting new frontier in basic and PD research.

THE AUTOPHAGY MACHINERY: AN OVERVIEW

Macroautophagy is a major form of autophagy that involves
membrane rearrangements to sequester and deliver cargo
through fusion with lysosomes. Other forms of autophagy
include chaperone-mediated autophagy, in which proteins
are unfolded to enter the lysosome through Lamp2a receptors,
and microautophagy in which cytosolic proteins enter through
lysosomal membrane invaginations. The major form of auto-
phagy responsible for degrading organelles or protein aggre-
gates is macroautophagy, which is hereafter referred to as
autophagy.

A growing number of signaling pathways contribute to the
regulation of autophagy in mammalian cells [reviewed in
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Figure 1. Mitochondrial quality control mechanisms. (A) Prevention of mitochondrial damage or misfolded proteins represents the first tier of mitochondrial
quality control. Chaperones (represented in green) such as mtHsp70 (mortalin) and transmembrane processing peptidases such as the AAA proteases operate
in concert with mitochondrial biogenesis to ensure the proper import and folding of electron transport chain (ETC) subunits. Superoxide dismutase (SOD)
enzymes in the matrix and intermembrane space (IMS) prevent oxidative damage. Dynamic cycles of fusion—{fission and transport allow for interchange of pro-
teins and mtDNA and adjustments of cellular mitochondrial distribution to meet localized cellular demands. (B) The second tier of mitochondrial quality control
operates to temporarily sequester and repair misfolded or oxidatively damaged components. Limited proteolysis of Opal and post-translational modifications of
Drpl regulate altered mitochondrial dynamics to sequester damaged segments, with re-fusion of reparable segments governed in part by membrane potential.
Misfolded proteins that are not successfully disaggregated by heat shock proteins (Hsp) can be degraded by several proteolytic systems (represented in purple) in
the matrix, IMS or, in the case of outer mitochondrial membrane (OMM) proteins, the ubiquitin—proteasome system (UPS). The mtCIpP system generates retro-
grade signals to the nucleus to stimulate further transcription of mitochondrial proteases as part of the mitochondrial unfolded protein response (mtUPR). (C)
Mitochondrial segments that are too extensively damaged for local repair undergo whole organelle recycling through macroautophagy. Implicit in the success of
this final tier of mitochondrial quality control, particularly for neurons that are dependent upon mitochondrial respiration, is (D) upregulation of mitochondrial
biogenesis to replace the degraded organelles. IMM, inner mitochondrial membrane; mt, mitochondrial; O, , superoxide radical; PARL, presenilin-associated
rhomboid-like protease; Omi/HtrA2, high temperature requirement A2 mitochondrial protease; Opal, optic atrophy 1; Drpl, dynamin-related protein 1; Ubi,

ubiquitin; SUMO, small ubiquitin-like modifier.

(32)]. These include the mammalian target of rapamycin
(mTOR) and insulin/Akt signaling, which suppress nutrient-
regulated autophagy, and AMP kinase and mitogen-activated
protein kinases (33,34), which promote autophagy under con-
ditions of energy crisis or mitochondrial injury. Classic
starvation-induced autophagy involves inactivation of mTOR,
de-repression of Autophagy-related gene 1 (Atgl) protein func-
tion and activation of the Beclinl/Atg6 complex containing the
class III phosphatidylinositol 3-kinase (PIK3C3/Vps34). Local
alteration in membrane PI(3)P composition recruits proteins
that lead to the deposition of small ubiquitin-like proteins
Atgl2 and microtubule-associated protein 1 light chain 3
(LC3/Atg8), which mediates the extension and curvature of
the nascent autophagosome membrane. The covalent conju-
gation of LC3 to autophagosome membranes forms a useful
marker that can be followed by its altered mobility in immuno-
blots or by (immuno)fluorescent detection of puncta in neuritic
and somatic compartments (35). Moreover, LC3 interacts with
adaptor proteins such as p62 and NBRI1, which mediate the
enrichment of ubiquitinated cargo inside autophagosomes (36).

The majority of autophagy regulation studies have been
conducted using yeast cells, hepatocytes or fibroblasts,

predominantly under conditions of nutrient stress. Unlike
hepatocytes or mesenchymal cells, however, neurons are not
programmed to digest cytoplasm for the purpose of maintaining
blood nutrient levels. Moreover, neurons show a highly distinct
physiology, including the large distances covered by neuronal
processes and their high mitochondrial metabolic demand
(37,38). For these reasons, transport-related cytoskeletal pro-
cesses are likely to play a particularly important role (39),
and much remains to be learned concerning the regulation of
neuronal autophagy under both physiological and disease states.

Mechanistic variations from classic starvation-induced
autophagy have been reported in several models of cell injury
(40). For instance, Beclinl/PIK3C3-independent autophagy or
mitophagy is observed in neuronal cells treated with the mito-
chondrial complex I inhibitor MPP+- (41), in resveratrol-treated
breast carcinoma cells (42), in PUMA/Bax-induced autophagy
(43) and in autophagic neurite retraction elicited by the
G2019S mutant of leucine-rich repeat kinase 2 (LRRK2) (44),
the most common genetic cause of PD. These studies suggest
that mitochondrial injury or oxidative damage may elicit
alternative mechanisms of nucleation. Moreover, a loss of
dependence on Beclinl also implies an escape from other



Human Molecular Genetics, 2010, Vol. 19, Review Issue 1

regulatory mechanisms, such Bcl-2 suppression of Beclin
1-dependent autophagy (45). While additional studies are
needed to determine the alternative mechanisms involved, the
few examples of Beclinl-independent autophagy described
thus far each implicate autophagy in a detrimental role,
perhaps due to overactivation.

Mechanisms that regulate selective mitophagy are just
beginning to be elucidated. In yeast, Uthl and Atg32 are
necessary for selective clearance of mitochondria, but poten-
tial mammalian homologs remain to be discovered (46,47).
The BH3-only protein NIX is required for selective mitophagy
during erythrocyte maturation, and BNIP3 regulates
hypoxia-induced mitophagy (31). Interestingly, membrane
depolarization can bypass the requirement for NIX in
NIX —/— fibroblasts (31), implicating alternative mechanisms
leading to mitochondrial autophagy that depend on the cellular
context. The most recent mammalian candidate for Atg5-
dependent mitophagy of depolarized mitochondria is the
ubiquitin ligase Parkin (22), which may act to recruit
adaptor proteins such as p62 (48).

ROLE OF ENDOGENOUS PINK1 IN MAINTAINING
FUNCTIONAL MITOCHONDRIAL NETWORKS

Mitochondrial dysfunction, as evidenced by decreased mito-
chondrial membrane potential and oxygen consumption, has
consistently been observed in ~mammalian PINKI
loss-of-function studies [summarized in tabular form in
(20)]. Given that mitochondria isolated from human brain
tissues and peripheral cells of sporadic PD patients exhibit
reduced mitochondrial complex I activity (14), it is interesting
to note that decreased complex I activity can be observed in
cellular models of PINK1 deficiency (49,50) and in striatal
mitochondria of PINK1 knockout mice (51), although this is
not consistently observed (52). In our experience, chronic
low-dose treatment with the mitochondrial complex I inhibitor
MPP+- results in marked alterations in complex I and complex
IV subunit expression (J. Zhu and C.T. Chu, unpublished
data). Thus, it can be difficult to distinguish primary from sec-
ondary deficits. On the other hand, both direct and indirect
downstream effects that contribute to cellular dysfunction
could represent useful targets for therapeutic intervention.
Interestingly, substrate limitation as a result of mitochondrial
calcium dysregulation has been proposed as an upstream
mechanism influencing electron transport chain activity (53).

In addition to functional changes, PINKI expression
levels influence cristaec density in SH-SYS5Y cells, with the
knockdown lines showing decreased cristae and the overexp-
ressing lines showing increased cristac density (26).
Co-immunoprecipitation studies using tagged PINK1 demon-
strate an interaction with mitofilin (54), a mitochondrial
inner membrane protein that regulates cristae morphology.
Moreover, PINKI1 exists as a dimer that may migrate with
several respiratory chain complexes (55). The discovery of
the putative molecular chaperone TNF-receptor associated
protein 1 (TRAP1)/Hsp75 as a substrate for PINK1 (56) also
suggests a possible role regulating the proper folding and
insertion of newly synthesized or imported proteins. As main-
tenance of a proper redox balance is important for protein
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folding and misfolding, it is striking that multiple model
systems of PINK1 deficiency also implicate PINK1 in limiting
oxidative stress (26,51,57,58). Additionally, PINKI transcrip-
tion in lymphocytes is enhanced by Forkhead box subgroup O
transcription factors that are classically involved in protecting
cells from oxidative stress-related cell death (59).

Loss of PINKI and Parkin result in similar steady-state
morphological changes in mitochondria, although conclusions
drawn from Drosophila and mammalian models of PINKI1
deficiency have implicated opposite effects on mitochondrial
fission and fusion. The role of PINK1 in influencing mitochon-
drial dynamics has been extensively reviewed (20,21,60).
PINK1 overexpression increases Drpl phosphorylation
(S.J. Cherra and C.T. Chu, unpublished data), and in PINK1-
deficient cells, calcineurin-mediated dephosphorylation of
Drpl triggers mitochondrial fission (61), as observed by
several groups (26,61,62). Because dynamic changes in mito-
chondrial fission, fusion and transport are all likely to occur as
part of the processes governing local repair or autophagic
degradation, it is perhaps not surprising that static estimates
of mitochondrial morphology may yield differing results
among model systems (20,63). Alternatively, it is possible
that PINK1 will show different effects depending upon differ-
ences in post-translational regulation, allowing it to act as a
sensor for changing mitochondrial and cellular needs.

POST-TRANSLATIONAL REGULATION OF PINK1

While knockdown studies of endogenous mammalian PINK1
indicate a key role for PINK1 in maintaining functioning mito-
chondrial networks, preventing mitochondrial ROS gener-
ation, calcium dysregulation, membrane depolarization and
fragmentation, not all neuroprotective activities of PINKI
depend wupon its N-terminal mitochondrial localization
sequence [(64) R.K. Dagda, S.J. Cherra III and C.T. Chu,
unpublished data]. Processed, and presumably active, forms
of PINKI are found distributed in both mitochondrial and
cytoplasmic compartments (65,66), and there is evidence to
support PINK1 activities in both intramitochondrial
(56,67,68) and cytosolic compartments (69,70).

One of the difficulties studying PINK1 is that many commer-
cially available antibodies show insufficient avidity to recog-
nize endogenous levels of PINKI. Thus, the degree of
overexpression in many transfection studies is unknown, repre-
senting an important caveat for studies where PINK1 goes from
undetectable to robustly detectable. In one study, tagged PINK 1
was subjected to metabolic pulse—chase studies, demonstrating
rapid processing of full-length PINK1 (~67 kDa) to at least two
distinct forms termed A1 (~58 kDa) and A2 (~50 kDa). While
the A1 form is sensitive to proteasome degradation, the A2 form
islong lived (66). The levels of PINK are also regulated by heat
shock protein chaperones (65) and by Parkin (71,72), although
whether or not either is a direct substrate of the other remains
controversial (73). In addition to N-terminal proteolysis by
mitochondrial signal peptidases, additional processing 1is
likely given the apparent molecular weight changes and the
observation that C-terminal truncation regulates PINKI1
kinase activity (67). The possibility of processing from both
ends of the protein presents unique challenges for interpreting
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Figure 2. Selective mitophagy in PINK1-deficient cells. (A) The majority of SH-SYSY cells stably expressing PINK1 shRNA exhibit autophagic vacuoles (AVs;
arrowheads) and at least some morphologically preserved mitochondria. As observed in other pathological states (41), occasional giant AVs are seen. Less than
20% of cells, however, exhibit swelling of all mitochondria without increased AVs (arrows). Scale bar = 2 pm. (B) The number of AVs per cell was analyzed by
separating cells into three groups: those that exhibited relatively preserved mitochondrial ultrastructure, those with a mixture of intact and swollen mitochondria
and those with exclusively swollen mitochondria. When compared with control cells with intact mitochondria, PINK1 shRNA cells with intact mitochondria
exhibited significantly increased numbers of AVs/cell. In contrast, PINK1 shRNA cells with swollen mitochondria showed significantly fewer AVs than
shRNA cells exhibiting intact or a mixture of intact and swollen mitochondria. *P < 0.05 versus control/intact; TP < 0.05 versus respective shRNA line/
intact and versus respective shRNA line/mixed; 25—30 cells analyzed per group. These data show that mitochondrial quality in PINK1-deficient cells is posi-
tively correlated with the ability to induce autophagy. (C) Early autophagosomes with recognizable cargo are rare in both control and PINK1 shRNA cells. To
assess relative rates of autophagosome formation, the fusion inhibitor bafilomycin Al (10 nm) was applied for 2 h prior to fixation with 2% glutaraldehyde in
order to trap newly formed autophagosomes. Both A series and D series PINK1 shRNA lines exhibit increased AV formation over 2 h. *P > 0.05 versus control.
(D) Early AVs in bafilomycin-treated control cells contain a variety of cytoplasmic structures (left, arrow), while mitochondria comprise a prominent component

of early AVs in the PINK1 shRNA line (right, arrow). Scale bar = 500 nm. These data support a selective process of mitophagy in PINK1-deficient cells.

studies of overexpressed PINK1, as only forms that retain the
tag are detected, and additional experimental reagents or strat-
egies are needed.

Using an antibody raised to a central region of human
PINK1, the major endogenous bands are processed (26). Over-
expression of C-terminally tagged PINKI-3xFlag reveals
that proteasome inhibitors stabilize an ~58 kDa form of
N-terminally processed PINK1-3xFlag (26), consistent with
Al. However, some endogenous bands migrate lower than
this Flag-tagged band, implicating PINK1 processing from
both ends. While these forms of PINK1 appear to be long-
lived, with little evidence of stabilization by proteasome
inhibitors, chronic mitochondrial injury induces a striking
loss of these processed endogenous bands (J. Zhu and C.T.
Chu, unpublished data). Differences in stability or localization
of overexpressed versus endogenous PINK1 may reflect satur-
ation of chaperone, mitochondrial import or processing
systems. Given that mitochondrial membrane potential
drives the import of many mitochondrial proteins (74), it is
likely that import and processing of PINKI are altered by

mitochondrial depolarization, favoring accumulation of full-
length PINK1 (66,75). The effects of membrane potential on
long-lived processed forms of PINKI1 are unknown, but it is
conceivable that the different forms of PINK1 mediate differ-
ent functions within the cell, allowing PINK1 to serve as a
sensor for mitochondrial status.

PINK1 AND MITOCHONDRIAL AUTOPHAGY

Ultrastructural studies of PINK1-deficient cells often display
increased lysosomal content (26,58,76), shown to be due to
an increase in mitochondrial autophagy [(26), Fig. 2]. Knock-
down of essential autophagy proteins exacerbates cell death in
stable PINK1 shRNA lines, indicating that autophagy plays a
compensatory role in PINK1-deficient cells (26). Mitochon-
drial autophagy induced by PINKI1 deficiency is regulated
by canonical Beclin 1-dependent mechanisms (77). Moreover,
endogenous Parkin levels increase in some stable PINKI-
deficient lines (78), suggesting a role for Parkin-mediated
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mitophagy as a compensatory response. Although it remains to
be determined whether or not Parkin is necessary for mito-
phagy in PINKI1-deficient cells, cell survival is enhanced by
transient overexpression of Parkin (26). As Parkin may show
multiple neuroprotective mechanisms, we employed siRNA
to Atg7, the El-like activating protein for Atgl2 and LC3,
to study the contribution of autophagy. Inhibition of auto-
phagy substantially reduced the ability of Parkin to confer pro-
tection (78), indicating that a major neuroprotective effect of
Parkin in this context involves autophagy.

In our ultrastructural studies, a minor fraction of PINKI-
deficient cells exhibit swollen, pale mitochondria reminiscent
of those observed in toxin-treated cells (Fig. 2A, right cell).
Quantitative analysis indicates that these cells do not show upre-
gulation of lysosomes/late autophagic vacuoles (Fig. 2B), and
most probably account for the low level of basal cell death
observed in the PINKI1 shRNA cells (26). In contrast, cells
with relatively intact mitochondrial morphologies show the
highest content of late autophagic vacuoles (Fig. 2B), further sup-
porting a role for autophagy in mitochondrial quality control and
cytoprotection among individual cells in these stable lines.

As steady-state levels of autophagic vacuoles are not
necessarily reflective of autophagic flux or activity, we per-
formed several studies to verify enhanced mitochondrial
autophagy. PINK1 knockdown cells show reduced mitochon-
drial mass as assessed through western blot analysis for
either matrix or membrane proteins, or by analysis of the cyto-
plasmic area occupied by mitochondria (26). Flux studies
using the autophagosome-—lysosome fusion inhibitor bafilo-
mycin demonstrate intact lysosomal turnover of both early
and total LC3 puncta, as well as lysosome-dependent loss of
GFP-tagged mitochondria (26). Further ultrastructural studies
revealed that a 2 h pulse of bafilomycin trapped approximately
three times as many early autophagosomes in PINK1 shRNA
cells compared with control cells (Fig. 2C), indicating an
increased rate of autophagosome formation. In contrast to
control cells that showed a random mixture of cytoplasmic
constituents, mitochondria were enriched within early auto-
phagosomes of PINKI-deficient cells (Fig. 2D), consistent
with selective mitophagy.

We also found that overexpression of PINK1 is capable of
suppressing toxin-induced increases in autophagic vacuoles
(26), and the ability of RNAi-resistant PINK1 to reverse the
autophagic phenotype in stable PINK1 shRNA lines was not
dependent upon the N-terminal mitochondrial-targeting
sequence. We propose that one effect of PINK1 in maintaining
stable mitochondrial networks includes suppression of autop-
hagy. This could be through either direct or indirect mechan-
isms, such as reducing redox signals for autophagy induction
(79). The possibility that PINKI1 overexpression could
promote maturation/clearance of toxin-induced autophago-
somes also remains to be determined.

Interestingly, several recent papers indicate that PINK1 pro-
motes Parkin-associated mitophagy (48,73,75), potentially with
direct effects on Beclin 1 (80). As depolarized mitochondria are
less capable of processing PINK1 to the proteasomally degraded
Al form, it is proposed to accumulate on the surface of mito-
chondria to recruit Parkin (75). Another study showed that over-
expression of PINK1 and Parkin caused trafficking of
mitochondria to perinuclear aggresome-assembly areas (73),
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although this effect was only observed when both proteins
were concurrently overexpressed. The trafficking effect could
relate to the association of PINK1 with the Miro/Milton-
trafficking adaptors (54), as Miro is implicated in both
anterograde and retrograde trafficking. As Milton mediates
kinesin-dependent anterograde transport, it is interesting to
note that the Miro/Milton complex can associate with truncated
PINK1, while the effects of overexpressed PINK1 on Parkin
recruitment and retrograde mitochondrial aggregation are
dependent upon its full-length sequence (75,81). Overexpressed
PINK1 has been reported to exhibit a cytosolic orientation of its
kinase domain (69), and arrested import/processing of over-
expressed PINK1 by depolarized mitochondria appears to be
sufficient to recruit Parkin to mitochondria (75).

In these studies, either acute PINKI1 knockdown or
PINK1—/— MEFs showed impaired ability to recruit Parkin to
chemically depolarized mitochondria. On the other hand,
increased Parkin promotes compensatory mitophagy in PINK1-
deficient SH-SYS5Y cells (26). Thus, it is unclear whether or
not stable physical association of Parkin with mitochondria
is necessary for mitophagy or if transient enzymatic interaction
is sufficient. Although Parkin recruitment to mitochondria is
associated with its ability to cause loss of fluorescently labeled
mitochondria, Parkin recruitment and mitochondrial clearance
can be experimentally dissociated (75). Furthermore, studies in
neurons may reveal additional regulatory mechanisms, as chemi-
cal uncouplers appear to induce complete loss of mitochondrial
fluorescence from the affected cells. While glycolysis-competent
cell types can survive mitochondrial depletion, excessive mito-
chondrial degradation is detrimental in neuronal cells (41,82,83).

Another caveat to consider is whether or not loss of mito-
chondrial fluorescence could reflect other mechanisms. As dis-
cussed above, there are several proteases within mitochondria
that could contribute to loss of mitochondrial constituents or
quenching of mitochondrial fluorescence in chemically
depolarized cells. Mitochondrially targeted proteins are
subject to proteasome degradation under depolarizing con-
ditions where import is impaired (84), and mitochondrial
depolarization or permeability transition dissipates intermem-
brane space proteins. Quantitative ultrastructural analysis to
demonstrate increased mitochondria in autophagosomes at
early time points, with EM confirmation of absent mitochon-
drial structures at later time points, would help resolve these
possibilities. Alterations in translational regulation, biosyn-
thesis and import/assembly of mitochondrial constituents
could also contribute to depletion of mitochondrial content
within cells, affecting quality control and the outcome of
autophagic responses to injury. As autophagic recycling rep-
resents the final tier of mitochondrial quality control in the
presence or absence of sufficient PINK1 function, further strat-
egies to enhance selective mitophagy (38) while promoting
mitochondrial biogenesis (85) may prove effective for mul-
tiple forms of Parkinson’s disease.

HYPOTHESIS: PINK1 AS A SENSOR FOR
MITOCHONDRIAL QUALITY CONTROL

As discussed above, PINK1 has been implicated in all tiers of
mitochondrial quality control (Fig. 3). Moreover, it has
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Figure 3. A pivotal role for PINK1 in mitochondrial quality control. Emerging data indicate that PINK1 acts at multiple levels to promote mitochondrial health.
(1) PINK1 deficiency studies suggest that endogenous PINK1 serves to maintain mitochondrial complex I activity, potentially through stabilization of cristae
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6-hydroxydopamine-induced mitochondrial ROS production and regulates mitochondrial calcium homeostasis. Interactions involving Miro/Milton suggest a
role in regulating microtubule-dependent mitochondrial transport. (2) Maintenance of mitochondrial integrity may also involve interactions with chaperones
or indirect regulation of the mitochondrial protease Omi/HTrA2 to effect localized repair. (3) With severe mitochondrial injury, Parkin is recruited to mitochon-
dria, resulting in mitochondrial ubiquitination and formation of large perinuclear aggregates with features of aggresomes. These are cleared by Beclin
1-dependent autophagy, and expression of full-length PINK1 facilitates Parkin translocation, mitochondrial aggregation and eventual clearance. Interactions
of PINK1 with Parkin, Beclin 1 and potentially Miro/Milton may contribute to this clearance. (4) Under conditions of PINK1 deficiency, the earlier tiers of
mitochondrial quality control are compromised. Increased ROS and calcium signals trigger dephosphorylation of Drpl, mitochondrial fission and mitophagy,
which plays a neuroprotective role in this setting. Interestingly, Parkin and Beclin 1 also function to clear PINK1-deficient mitochondria, suggesting that auto-
phagy functions as one of the final lines of defense against mitochondrial injury. (5) Dysregulation of autophagy involving either insufficient, or excessive mito-

chondrial clearance, contributes to neuronal cell death.

become clear that PINK/ functions converge with those of
other PD-linked genes such as Parkin, HtrA2/Omi and DJ-1,
acting in both shared and distinct steps (78).

PINK1 regulates normal mitochondrial function and poss-
ibly mitochondrial transport, which is critical to normal func-
tioning of neurons (86). HtrA2/Omi and Parkin have each been
implicated downstream of PINK1 (87-89), yet HtrA2 may not
be essential for all PINK1-related functions (90). HtrA2 is an
intermembrane space protease, whose phosphorylation is
indirectly regulated by PINKI. Although its exact function
is unknown, HtrA2 may mediate localized degradation of mis-
folded proteins or activation of signaling pathways in response
to localized stress.

If damage is more substantial, mitochondrial fission and
autophagy of depolarized mitochondria are triggered as
another line of defense regulated by Parkin (22), as observed
both in PINK1-deficient cells (26) and as a PINK1-regulated

mitophagy pathway (75,80). Interestingly, Parkin and PINK1
have also been implicated in regulating mitochondrial biogen-
esis (52,91) or protein import (63) to complete the cycle. Fur-
thermore, PINKI1 functions may change depending upon
mitochondrial and cellular signals for post-translational regu-
lation, allowing it to act as a sensor for mitochondrial
health. Although this model requires experimental testing, it
offers an interesting conceptual framework for building our
understanding of normal PINKI1 function(s) and what may
go wrong in Parkinson’s and related diseases.

To summarize, there is exciting evidence for a key role for
PINK1 in several pathways of mitochondrial quality control
and mitochondrial autophagy (Fig. 3). On the basis of the
existing information, PINK is hypothesized to show differen-
tial effects on mitochondrial dynamics to include fission/
fusion, trafficking and autophagy, acting as a sensor or
switch to either stabilize or dismantle the mitochondrial
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network depending on whether or not the damage can be
repaired. Ultimately, obtaining a better understanding of the
processing, post-translational modification and role of
endogenous PINKI under normal and stressed conditions
may be just as important as identifying substrates in under-
standing PINK1-related pathophysiology.
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