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Abstract Alterations in mitochondrial homeostasis have been
implicated in the etiology of Parkinson disease (PD) as
demonstrated by human tissue studies, cell culture and in vivo
genetic and toxin models. Mutations in the genes encoding
PTEN-induced kinase 1 (PINK1), Omi/HtrA2 and parkin
contribute to rare forms of parkinsonian neurodegeneration.
Recently, each of these proteins has been shown to play a
normal role in regulating mitochondrial structure, function,
fission-fusion dynamics, or turnover (autophagy and biogen-
esis), promoting neuronal survival. Here, we review the
biochemical mechanisms of mitochondrial protection con-
ferred by each of these PD associated gene products in
neurons, neuronal cell lines and other cell types. Potential
molecular interactions and mitoprotective signaling pathways
involving these three PD associated gene products are
discussed in the context of mitochondrial quality control, in
response to increasing levels of mitochondrial damage. We
propose that PINK1, Omi/HtrA2 and parkin participate at
different levels in mitochondrial quality control, converging
through some overlapping and some distinct steps to maintain
a common phenotype of healthy mitochondrial networks.

Keywords Mitochondria . Ser/thr kinases . PINK1 . Parkin .

Omi/HtrA2 . Neurotoxin . Autophagy . Ubiquitin .

Neurodegeneration . Oxidative stress . Parkinson’s disease

Introduction

Parkinson disease (PD) is a progressive and incurable
disease that affects approximately 1% of the North
American population. This devastating neurodegenerative
disease is characterized by the progressive loss of dopami-
nergic neurons of the substantia nigra, with involvement of
other neuronal populations resulting in autonomic and
cognitive dysfunction. Motor symptoms in PD may not be
apparent until the majority of dopaminergic neurons are lost
(Betarbet et al. 2002), most likely due to multiple
compensatory mechanisms.

PD is a multifactorial disease for which the etiology in
most cases remains unknown. While >90% of cases are
sporadic, mutations in several nuclear encoded genes have
been linked to the development of autosomal recessive and
dominant familial parkinsonian syndromes (Bogaerts et al.
2008), enhancing our understanding of biochemical and
cellular mechanisms contributing to disease. Cell culture
and mouse models that overexpress PD associated mutations
or knockout versions of PD-implicated genes implicate
alterations in mitochondrial biology, antioxidant defense
mechanisms, the ubiquitin-proteasome pathway and autopha-
golysosome systems.

While human tissue, cybrid models and neurotoxin
models of dopaminergic cell injury have long implicated
mitochondrial pathobiology as a key mechanism in PD, the
discovery of PTEN-induced kinase 1 as the gene mediating
the PARK6 autosomal recessive locus added further
impetus to this area of research (Valente et al. 2004).

R. K. Dagda :C. T. Chu
Department of Pathology,
University of Pittsburgh School of Medicine,
Pittsburgh, PA 15213, USA

C. T. Chu
Center for Neuroscience,
University of Pittsburgh School of Medicine,
Pittsburgh, PA 15213, USA

C. T. Chu (*)
Department of Pathology,
University of Pittsburgh School of Medicine,
200 Lothrop St.,
Pittsburgh, PA 15261, USA
e-mail: ctc4@pitt.edu

J Bioenerg Biomembr (2009) 41:473–479
DOI 10.1007/s10863-009-9255-1



PINK1 is the first member of the large canonical serine/
threonine (Ser/Thr) protein kinases shown to be regulated
by a canonical N-terminal mitochondrial targeting sequence
[reviewed in (Mills et al. 2008)]. Interestingly, other PD
associated gene encoded proteins such as α-synuclein,
LRRK2 and parkin show at least partial localization to
mitochondria even though these proteins lack canonical
mitochondrial targeting sequences (Darios et al. 2003;
Biskup et al. 2006; Devi et al. 2008; Narendra et al.
2008). In the following sections, we will review evidence
supporting the concept of impaired mitochondrial quality
control as a point of convergence for multiple parkinsonian
pathways, indicating a central role in PD pathogenesis.

The role of mitochondrial dysfunction in PD
pathogenesis

Mitochondria play a central role in most eukaryotic
metabolic processes by serving as the main generators of
ATP, acting as calcium sinks for buffering intracellular
calcium levels, and integrating multiple metabolic and
apoptotic signaling pathways. Mitochondria are dynamic
organelles that exhibit bidirectional movement with the
capacity to undergo fragmentation (fission) and elongation
(fusion). These processes regulate neuronal survival, sta-
bility of the mitochondrial genome, mitochondrial trans-
port, synaptogenesis, and functional refilling of the
neurotransmitter vesicle reserve pool (Karbowski and Youle
2003; Li et al. 2004; Verstreken et al. 2005; Lu 2009).
Mitochondrial fission is also an important step for the
autophagic clearance of depolarized or damaged mitochon-
dria, as overexpression of the fission mediator Drp1
promotes mitophagy (Twig et al. 2008).

There is growing consensus that mitochondrial dysfunc-
tion is a major contributor to the pathogenesis of PD.
Midbrain dopaminergic neurons are particularly vulnerable
to oxidative stress due to the oxidative nature of the
dopamine metabolism, and their low mitochondrial reserve
compared to other neuronal populations (Liang et al. 2007).
In addition, the observation that exposure to certain
mitochondrial complex I inhibitors recapitulates many
symptoms of PD in humans and other mammalian species
demonstrates a critical role of mitochondrial dysfunction in
dopaminergic neuron dysfunction (Betarbet et al. 2002).
Our laboratory and others have shown that exposure to
parkinsonian neurotoxins lead to generation of mitochon-
drial superoxide, mitochondrial fission and swelling,
mitochondrial dysfunction, activation of mitochondrial
pools of mitogen activated protein kinases, mitochondrial
autophagy resulting in degradation of outer membrane and
inner membrane localized proteins, and nuclear depletion of

prosurvival transcription factors (Heikkila and Cohen 1973;
Cassarino et al. 1999; Zhu et al. 2002; Chalovich et al.
2006; Kulich et al. 2007; Zhu et al. 2007; Dagda et al.
2008; Gomez-Lazaro et al. 2008). Most of the mitochondrial
deficits induced by exposure to neurotoxins are recapitulated
in loss-of-function culture models of PINK1, Parkin and
human high temperature requirement protein A2 (Omi/
HtrA2) (Martins et al. 2004; Mortiboys et al. 2008; Dagda
et al. 2009a, b; Flinn et al. 2009; Lutz et al. 2009),
suggesting that PINK1, Parkin and Omi/HtrA2 normally
function to promote maintenance of mitochondrial integrity.

Mitochondrial quality control pathways

The major mechanisms of mitochondrial quality control can
be conceptualized in three major tiers. The first line of
defense involves chaperones and prevention of mitochon-
drial injury and oxidative stress. The second involves
localized degradation of damaged proteins by mitochondrial
proteases, and ubiquitin-proteasomal degradation of certain
outer membrane proteins (Tatsuta 2009; Tatsuta and Langer
2009). The third pathway is activated by more severe
dysfunction and involves fission-based sequestration and
autophagic clearance of damaged mitochondria. Each of
these quality control steps would also be dependent upon
effective biogenesis of new mitochondrial components
(Cherra and Chu 2008).

Since neurons are so highly dependent upon oxidative
phosphorylation, it is likely that key regulators of mito-
chondrial quality control may regulate more than one of
these tiers in order to effectively integrate cellular responses
to achieve mitochondrial and neuronal homeostasis.

PD-linked genes: PINK1, HtrA2/Omi and parkin

PINK1 was initially discovered to be mutated in two large
consanguineous families of Spanish and Italian descent that
were affected with early onset parkinsonism (Valente et al.
2004). With the exception of the N-terminal mitochondrial
targeting region, more than 50 mutations of PINK1 have
been mapped throughout the kinase and C-terminal regula-
tory domains with differential effects on kinase activity
and/or protein stability, strongly implicating a neuroprotec-
tive role for PINK1 [reviewed by (Mills et al. 2008)].
Different in vitro kinase studies have shown that PINK1
contains some degree of ser/thr kinase activity towards
casein and myelin basic protein, two commonly used in
vitro kinase substrates [reviewed by (Cookson et al. 2007)],
although putative biological targets of PINK1 activity
remain elusive.
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There is a strong cyto-protective role of PINK1 in
maintaining mitochondrial homeostasis via different mech-
anisms. Overexpression of wild-type PINK1 in SH-SY5Y
neuroblastoma cells stabilizes respiring mitochondrial
networks through various mechanisms that include main-
taining mitochondrial membrane potential, reducing basal
and neurotoxin-induced ROS, suppression of cytochrome c
release, reversal of toxin-induced fission, and suppression
of autophagy (Dagda et al. 2009b; Gegg et al. 2009;
Sandebring et al. 2009). Adding to the multiplicity of
prosurvival functions of PINK1, it has been shown to
phosphorylate the mitochondrial molecular chaperone heat
shock protein 75 kDa, also known as tumor necrosis factor
receptor-associated protein-1 (TRAP1), increasing neuronal
survival against oxidative stress or heat shock by preventing
the release of cytochrome c (Pridgeon et al. 2007).

The consequences of stable loss of endogenous PINK1
have been extensively documented in mammalian cell
models. Loss of PINK1 leads to severe alterations in
mitochondrial homeostasis as evidenced by aberrations in
mitochondrial cytoarchitecture (ie., reduced mitochondrial
cristate density), mitochondrial dynamics, calcium homeo-
stasis, biosynthetic pathways, and increased mitochondrial
ROS inducing a robust increase in mitochondrial autophagy
(mitophagy) (Exner et al. 2007; Wood-Kaczmar et al. 2008;
Chu 2009; Dagda et al. 2009b; Gegg et al. 2009;
Sandebring et al. 2009).

Omi/HtrA2 is a serine protease with an N-terminal
mitochondrial targeting sequence (Strauss et al. 2005) that
may represent an indirect target of PINK1 activity (Plun-
Favreau et al. 2007). Omi/HtrA2, is an intermembrane
space protease that activates proapoptotic proteins upon its

Fig. 1 Autophagy contributes a key role to Parkin neuroprotection in
PINK1-deficient SH-SY5Y cells, which exhibit compensatory upregula-
tion of endogenous Parkin. a SH-SY5Y clonal lines transiently trans-
fected with GFP-LC3 2 days prior were fixed in paraformaldehyde,
immunostained for endogenous Parkin (1:500 dilution; Covance) and
counterstained for nuclei using DAPI (1.25 µg/ml). All conditions were
photographed using an Olympus IDX71 epifluorescence microscope
using the same settings. The larger merged images show Parkin (red),
GFP-LC3 (green) and DAPI (blue); the smaller insets show the red
channel mapped to greyscale. Note the increased expression of
endogenous Parkin in nearly all the cells of the clonal PINK1
knockdown cell line (bottom panel, red channel) compared to the
clonal control cell line (top panel, red channel). A subset of the cells
have been transiently transfected with GFP-LC3 (green channel in
larger merged images), revealing increased puncta indicative of
autophagosomes (arrowheads) in the PINK1 shRNA cells. b Stable
vector control SH-SY5Y cell line and a PINK1 knockdown stable cell
line were treated with DMSO or with 20 nM bafilomycin to arrest
autophagic degradation for 4 h. Cell lysates were resolved on a 5–15%

SDS-polyacrylamide gel and immunoblotted for PINK1 (1:2,000,
C8830) or Parkin (1:1,000 dilution; Covance), then stripped and re-
probed for β-actin as loading control. Note that both Parkin and PINK1
levels within the respective cell lines are increased by bafilomycin,
implicating lysosomal turnover. Moreover, stable knockdown of PINK1
leads to increased Parkin levels, which are nearly undetectable in
control cells unless autolysosomal degradation is inhibited. c Stable
vector control shRNA or PINK1shRNA clonal cell lines were
transiently co-transfected with GFP and control vector or HA-Parkin
plasmids and with either scrambled siRNA control or siRNA directed
against the autophagy proteins Atg7 or Atg8. Small siRNAs are
introduced with >93% efficiency into DNA plasmid-co-expressing SH-
SY5Y cells (Plowey et al. 2008). Three days after transient transfection,
the percentage of transfected GFP-positive cells with apoptotic nuclei
was determined as a measure of cell death. (#:p<0.0001 vs. Ctrl
shRNA/Ctrl vector; *:p<0.0001 vs. PINK1shRNA/Ctrl vector; **:p<
0.001 vs. PINK1shRNA/Parkin; means ± S.E, n=7–10 random fields
containing 20–40 transfected cells quantified per condition)
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release to the cytosol from damaged mitochondria. Phar-
macological inhibition of Omi/HtrA2 increases survival of
cells against oxidative stress (Hegde et al. 2002; van Loo et
al. 2002). However, the view that Omi/HtrA2 is a
proapoptotic protein has been challenged by recent exper-
imental evidence showing that targeted disruption of Omi/
HtrA2 leads to dopaminergic degeneration and motor
function impairment in mice (Martins et al. 2004). Several
protease inactivating mutations in Omi/ HtrA2 have been
identified as high risk factors for developing PD (Strauss et
al. 2005). In other words, Omi/HtrA2 may act as a double-
edged sword with both pro-survival and pro-death functions
depending upon localization.

Parkin is an E3 ubiquitin ligase and Parkin is the most
common gene mutated in autosomal recessive familial
parkinsonism. Parkin’s neuroprotective effects extend be-
yond its ability to mediate the ubiquitin mediated seques-
tration and degradation of protein aggregates (Olzmann and
Chin 2008), as it promotes autophagy of damaged
mitochondria (Narendra et al. 2008; Dagda et al. 2009b),
also functioning to increase mitochondrial biogenesis
(Kuroda et al. 2006) and suppress mitochondrial oxidative
stress through unknown mechanisms (Jiang et al. 2004).

The PINK1-Omi/ HtrA2pathway

Recent experimental evidence supports an interaction of
PINK1 and Omi/ HtrA2 at the mitochondria. First, Omi/
HtrA2 is indirectly phosphorylated and physically interacts
with PINK1 in relation to a signaling pathway that involves
p38 in mammalian cell models. PINK1 dependent phos-
phorylation of Omi/ HtrA2 enhances its protease activity
leading to enhanced survival against oxidative stress (Plun-
Favreau et al. 2007). Secondly, Drosophila models have
shown a genetic interaction of PINK1 and Omi/ HtrA2,
suggesting the possibility of a common prosurvival pathway
(Whitworth et al. 2008; Tain et al. 2009). Overexpression of
Omi/ HtrA2can reverse phenotypic effects attributed to loss
of PINK1 function while PINK1 cannot reverse degeneration
in Omi/ HtrA2 (Yun et al. 2008; Tain et al. 2009). Other
genetic interaction studies carried out in Drosophila have
placed Omi/ HtrA2 downstream of PINK1, but in an
independent pathway from the E3 ubiquitin ligase Parkin
(Whitworth et al. 2008). It is worth noting that Omi/HtrA2 is
not essential for all the protective functions of PINK1 in
Drosophila (Yun et al. 2008; Tain et al. 2009), and recent
experimental data suggest a non-linear pathway for PINK1-
parkin as well (Chu 2009). Another mitochondrial protease
rhomboid-7 has been implicated in post-translational regula-
tion of both PINK1 and Omi/HtrA2 (Whitworth et al. 2008).
We hypothesize that, in conjunction with chaperones and
ATP dependent proteases, PINK1 may function in the first

line of mitochondrial quality control, monitoring respiratory
chain function and triggering the localized degradation of
improperly folded or assembled mitochondrial proteins.

The PINK1-parkin pathway

There is ample evidence establishing direct or indirect
interactions of PINK1 with Parkin in promoting mitochon-
drial homeostasis. The pathology attributed to loss of
PINK1 function can be reversed in mammalian and
Drosophila models by ectopic expression of Parkin (Exner

Fig. 2 Schematic diagram highlighting a proposed framework for the
roles of PINK1, Parkin and Omi/HtrA2 in mediating mitochondrial
homeostasis. PINK1 directly or indirectly promotes phosphorylation
of TRAP1, HtrA2 and parkin, resulting in activation of both localized
and organelle level responses to promote neuronal cell survival. (1) A
mild to modest localized stress to mitochondrial proteins (one yellow
bolt) activates the PINK1-TRAP1 and PINK1-Omi/HtrA2 pathways,
stabilizing the mitochondrial cytoarchitecture in response to oxidative
stress and heat shock. Another response to localized outer membrane
damage may involve tagging of damaged proteins for proteasomal
degradation by ubiquitin ligases including Parkin. Mitochondrial
fusion may act to stabilize membrane potential, diluting damaged
DNA or other components. (2) More extensive damage from
persistent mitochondrial ROS (two yellow bolts) may be caused by
loss of PINK1 function and/or environmental toxins, leading to
compensatory increases in Parkin expression and mitochondrial
fission. Parkin participates in a parallel pro-survival pathway,
compensating for damaged mitochondrial by driving selective autoph-
agy of depolarized segments isolated by mitochondrial fission. This
may also serve to limit release of apoptogenic intermembrane space
proteins. (3) Successful neuronal adaptation to stress employing either
of these parallel pathways would require effective transcriptional
responses and reassembly of functional mitochondrial components.
Nuclear encoded proteins are essential for both mitochondrial DNA
replication (POLG) and transcription of mitochondrially encoded
genes (POLRMT, TFAM, etc), along with coordinated synthesis,
import and processing or assembly of nuclear encoded mitochondrial
proteins. Under conditions of PINK1 loss of function, alternative
means to activate mitochondrial quality control pathways may serve to
compensate for increased mitochondrial injury, although likely at a
greater bioenergetic cost
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et al. 2007; Deng et al. 2008; Poole et al. 2008; Whitworth
et al. 2008; Dagda et al. 2009b). Furthermore, direct
interaction of Parkin with PINK1 has been documented
by several groups (Kim et al. 2008; Xiong et al. 2009).
Parkin can be phosphorylated by PINK1 in its RING finger
domain during in vitro kinase reactions, which promotes
translocation of Parkin to mitochondria (Kim et al. 2008).
Furthermore, Parkin has been reported to facilitate the
selective clearance of depolarizedmitochondria via autophagy
(Narendra et al. 2008).

Hypothetically, compensations for PINK1 loss may
include increased expression of TRAP1, HtrA2, Parkin,
chaperones, antioxidants or enhanced autophagolysosomal
efficiency. The spontaneous autophagic response observed
in PINK1 shRNA lines could be associated with increased
Parkin levels, as endogenous Parkin expression is slightly
increased in some PINK1 deficient lines (Fig. 1a, b). The
degree of endogenous Parkin upregulation and mitophagy
induction in clonal SH-SY5Y lines is insufficient, however,
to completely prevent the enhanced cell death exhibited by
PINK1 shRNA lines (Dagda et al. 2009b). Transient
overexpression of Parkin further augments mitochondrial
autophagy in PINK1 deficient neuroblastoma cells, result-
ing in cytoprotection and restoration of interconnected
mitochondrial networks (Dagda et al. 2009b). In this model
system, the protective effects of overexpressed Parkin are
predominantly mediated through autophagy, as RNAi
knockdown of either Atg7 or Atg8, two specific components
of the autophagy machinery, significantly abrogates Parkin’s
ability to compensate for PINK1 deficiency (Fig. 1c).

To summarize, while loss of either PINK1 or Parkin
leads to DRP1-dependent fragmentation of mitochondria
(Dagda et al. 2009b; Lutz et al. 2009; Sandebring et al.
2009), the mechanisms by which wild type PINK1 and
Parkin promote interconnected mitochondrial networks may
involve different steps in mitochondrial quality control,
with autophagy being harnessed by Parkin to compensate
for PINK1 deficiency.

Non-linear and redundant pathways to mitochondrial
health

The observation that loss of function of these three different
PD-implicated proteins lead to similar mitochondrial alter-
ations and degenerative phenotypes in Drosophila and in
mammalian models has raised the possibility that Parkin,
PINK1 and Omi/HtrA2 could participate in a common
mitoprotective signaling pathway. However, a growing
body of literature indicates that the interaction among these
proteins is a more complex scenario than initially conceived
(Yun et al. 2008; Chu 2009), particularly as the important
cellular process of mitochondrial quality control involves

many layers and probable redundancies (Tatsuta 2009;
Tatsuta and Langer 2009).

Based upon existing information discussed above,
including the ability of PINK1 to regulate phosphorylation
of TRAP1, HtrA2 and Parkin, we propose the following as
a framework for future testing. Localized or mild mito-
chondrial injury, as may be encountered as a side effect of
oxidative phosphorylation or transient heat shock, may be
countered by phosphorylation of the chaperone TRAP1 or
by triggering localized degradation of intermembrane space
and matrix proteins by proteases such as HtrA2/Omi.
However, a greater degree of mitochondrial injury may
require organelle-level responses including Drp1-dependent
fission and Parkin-facilitated mitochondrial autophagy
(Fig. 2). Mitochondrial biogenesis, which may also be
regulated by PINK1 or Parkin, would be essential for
success of these degradative quality control pathways, and
thus, excessive rates of mitochondrial autophagy that exceed
regenerative capacity may ultimately prove harmful (Cherra
and Chu 2008). Finally, severe mitochondrial injury causing
release of Omi/HtrA2 into the cytoplasm could convert this
protein into a death mediator, in analogy to cytochrome c, as
a response to irreparable cellular damage. Future experimen-
tal work would be needed to validate aspects of this
proposed framework, filling in conceptual gaps towards a
better understanding of the mitochondria protective roles
played by these PD-associated gene products.
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