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Introduction

Since the identification of Pten induced
kinase 1 (PINK1) as a Parkinson’s

The role of mitochondria in sporadic Parkinson’s disease (PD) has been debated for a
little over 20 years since the description of complex | deficiency in the substantia
nigra pars compacta (SNpc) of PD patients. However, the identification of recessive
pathogenic mutations in the pink1 gene in familial PD cases firmly re-ignited interest
in the pathophysiology of mitochondria in PD. PINK1 is a putative mitochondrial
serine/threonine kinase, which protects cells against oxidative stress induced
apoptosis. The mechanism by which this is achieved and the effect of the pathogenic
mutations has been an area of intensive research over the past five years. Significant
progress has been made and, in this review, we summarize the physiological roles
that have been assigned to PINK1 and the potential mechanisms behind pathogen-

disease (PD) associated gene in 2004, a
number of studies have sought to esis.

identify the biological roles of this

serine/threonine kinase in order to aid therapeautic advances
for the treatment of PD. PINK1 is a mitochondrially targeted
serine/threonine kinase which has been shown to protect cells
against oxidative stress induced apoptosis. Mutations associated
with PD are located throughout the PINKI1 protein but the
majority are found within the kinase domain. The location of
these mutations, including one that resides within the adenosine
triphosphate (ATP) binding pocket of PINK1, suggests that loss
of PINK1 kinase activity is responsible for disease initiation. In
addition, mutations within the carboxy terminus of the protein
have been shown to be important for optimal kinase activity.
Table 1 lists all of the mutations identified within the pinkI gene
and denotes their locations within the protein with respect to the
kinase domain. The PINK1 protein is cleaved upon entry into
the mitochondria to produce two protein fragments, one at
54 kDa (AN-PINK1) and one at 45kDa (AN2-PINK1). Whether
these cleavage products are released or exported from
mitochondria after the cleavage event remains an area of
current debate and the physiological relevance of cleavage is
currently unknown. During the course of this review, we aim to
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look at the specific cellular roles assigned to PINK1 after 5 years
of extensive study, summarize the evidence for each individual
role and highlight areas still surrounded by controversy.

PINK1 protects cells against oxidative
stress-induced apoptosis

Oxidative stress and impaired electron transport chain function
have been linked to the pathogenesis of PD, ever since exposure
to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a
complex I inhibitor, was found to induce parkinsonism in
humans (Langston et al, 1983; Langston & Ballard, 1983). In
addition, analysis of post mortem brain tissue from PD patients
showed an increase in markers of oxidative damage and
complex I deficiency in the SNpc (Dawson & Dawson, 2003;
Dexter et al, 1989; Schapira et al, 1989; Wu et al, 2003).

In mitochondria, electrons travel through the electron
transport chain (complexes I-1V) to generate energy. Reactive
oxygen species (ROS) form as a natural byproduct of oxygen
metabolism, where roughly 1-5% of the oxygen consumed is
converted into ROS (Westermann, 2008). ROS (such as oxygen
ions, free radicals and peroxides) can be useful to the immune
system and are known to be involved in cell signalling events
but if the levels of ROS overcome the cell’s ability to neutralize
and eliminate them, they can inflict damage on DNA, lipids and
proteins (Zhou et al, 2008a). This situation, known as oxidative
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stress, can be caused by reduced antioxidant capacity or by the
over-production of ROS. For a comprehensive review on ROS
production, we recommend reading Balaban et al (2005).
Initial reports that a key function of the PINK1 protein was to
protect cells against stress-induced death came from cell culture
studies where PINK1-deficient cells were shown to be more
susceptible to apoptosis after exposure to mitochondrial toxins
(Deng et al, 2005; Valente et al, 2004; Wood-Kaczmar et al,
2008). In addition, over-expression of the wild-type PINKI1
protein could protect cells against death mediated by chemical
insults such as MPTP and MG-132 but this effect was abrogated
when the protein carried either a PD associated mutation or a
kinase inactivating mutation (Deng et al, 2005; Haque et al,
2008; Petit et al, 2005; Valente et al, 2004). To confirm the
physiological relevance of these studies, patient fibroblasts
and immortalized lymphoblasts from individuals carrying a
PINK1 mutation have also been reported to display reduced
complex I activity and increased levels of oxidative stress
(Hoepken et al, 2007). Subsequent examinations of ROS
production confirmed that cells lacking PINK1 function have
increased basal cytoplasmic and mitochondrial ROS (mROS)
production (Gandhi et al, 2009; Piccoli et al, 2008a; Wood-

Glossary

Aggresome
A proteinaceous inclusion body that forms as a consequence of UPS
overload or impairment.

Anterograde mitochondrial transport
The movement of mitochondria from the neuron cell body, along the
axons to the dendrites.

Chaperone proteins
A family of proteins, which assist in the correct folding and/or
assembly of proteins or protein complexes within cells.

Complex |

Also known as NADH dehydrogenase or NADH: quinone reductase is
the first enzyme of the respiratory electron transport chain in
mitochondria. It catalyses the transfer of electrons from NADH to
coenzyme Q.

Dopaminergic neurons
The main source of DA in the mammalian central nervous system,
they are located in the substantia nigra of the brain.

Electron transport chain

Couples the chemical reaction between an electron donor and
electron acceptor to the transfer of hydrogen ions across a membrane.
It consists of four complexes (complex I: NADH, complex II: succinate
dehydrogenase, complex Ill: cytochrome bcl and complex IV:
cytochrome c oxidase), coenzyme Q, cytochrome ¢ and ATP synthase.
The hydrogen ions pumped out of the inner mitochondrial membrane
by complexes I, Ill and IV are used to generate ATP.

Kinome
Collective name given to all of the protein kinases encoded within an
organism’s genome.

Lewy bodies
Abnormal, cytoplasmic, spherical aggregates of protein found within
neurons. They are primarily composed of a-synuclein.
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Kaczmar et al, 2008). As the mitochondrial DNA (mtDNA) is
located at the same site where ROS production takes place
within the mitochondrion, it is vulnerable to ROS-mediated
mutations (Westermann, 2008). The increase in ROS may
therefore account for the identification of mtDNA mutations
within PINK1 PD patients (Bender et al, 2008; Piccoli et al,
2008a).

Utilizing the pinkI knockout mouse (lacking exons 4-7),
reductions in complex I were noted in the striatum and, as a
novel finding in a PD model, reductions were also noted for
complexes II and III (Gautier et al, 2008). In an independent
pinkl knockout mouse model (lacking exons 2 and 3 and
resulting in a truncation after exon 1), however, Morais et al
reported reductions exclusively in complex I in mitochondrially
enriched fractions from both the mouse brain and liver (Morais
et al, 2009). Despite this discrepancy, both studies noted that the
reduced activity of these complexes (I-1II in Gautier et al and I in
Morais et al) appeared to be caused by a decrease in function
rather than reduced levels of the protein complexes within
mitochondria (Gautier et al, 2008; Morais et al, 2009).
Expression of the wild type PINK1 protein in pinkI—/— mouse
fibroblasts sufficiently rescued the enzymatic activity of

mPTP
A non-selective, high conductance channel that forms at specific sites
where the inner and outer mitochondrial membranes meet.

Na‘/Ca’®" exchanger
Membrane protein, which exports calcium from the mitochondria or
whole cells whilst simultaneously importing sodium.

Parkinson’s disease

Belongs to a group of conditions known as movement disorders and is
characterized by symptoms such as limb tremor, slowness of
movement and muscle rigidity. It can be inherited but is most
commonly sporadic in nature without obvious genetic faults.

Phosphatome
The collective name given to all protein phosphatases encoded within
an organism’s genome.

SNpc
A brain structure located in the midbrain. It plays an important role in
movement, addiction and reward processes.

Synaptic junctions
The place where a nerve impulse passes, in the form of an electric
signal from one neuron to another or to a muscle.

Type 2 diabetes

Non-insulin-dependent diabetes or adult-onset diabetes is a medical
condition characterized by high blood glucose levels and insulin deficiency.
Ubiquitin

A small, regulatory protein that is covalently attached onto a protein
and may induce a number of alterations in protein stability, function
and/or localization.

Ubiquitin-ligase
Enzyme which attaches ubiquitin covalently onto a lysine residue of a
target protein.

UPS
A protein quality control system that uses ubiquitin to tag misfolded
cellular proteins for refolding or degradation.
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Table 1. Identified mutations in pink1

Mutation

in PINK1
K24fsX54°
G32R

P52L
R58-V59insGR
L67F

R68P

A78V
C92F®
R98W

11115
Q11sLf
A124V¢
C125G*
Q126P
Q129*
Q129fsX157
T145M°
R147H
A168P
K186N®
G193R
P196L
P196QfsX221
P209A
A217D

E231G
M237V
Q239*¥
E240K”
A244G "
R246"
A247G
T257
Y258*
L1268V
H271Q
R276Q
R279H
A280T
P296L"
D297fsX318
L305P"
G309D
T313M
V317l
M318L
P322L
A339T
A340T!
M341I
M342V
L347P
N3675®
L369P%
A383T
F385L
G386A
C388R
G395V
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Patient/control origin

French
Korean
American
Japanese
Italian
Italian
Japanese
Italian
Italian
Italian
Italian
Italian
Italian
German
Tunisian
Tunisian
Italian
Irish
Italian
Italian
Taiwanese
Italian
Japanese
Taiwanese
Sudanese

North American
Dutch
Taiwanese
North American
Italian
Japanese and Isralie
Americna
Italian

Asian

Chinese
Japanese
Italian

Italian

Asian

Italian

Sicilian

Irish

Spanish
Chinese
Caucasian
North American
Italian

North American
Chinese
Taiwanese
Japanese
Filipino

Korean

French
Caucasian
Korean

French
Japanese
Italian

Original reference

(Ibanez et al, 2006)
(Choi et al, 2008)
(Brooks et al, 2009)
(Funayama et al, 2008)
(Marongiu et al, 2007)
(Valente et al, 2004b)
(Kumazawa et al, 2008)
(Valente et al, 2004b)
(Marongiu et al, 2007)
(Marongiu et al, 2007)
(Bonifati et al, 2005)
(Marongiu et al, 2007)
(Ibanez et al, 2006)
(Prestel et al, 2008)
(Ishihara-Paul et al, 2008)
(Ishihara-Paul et al, 2008)
(Marongiu et al, 2007)
(Healy et al, 2004)
(Valente et al, 2004b)
(Marongiu et al, 2007)
(Weng et al, 2007)
(Bonifati et al, 2005)
(Kumazawa et al, 2008)
(Lee et al, 2009)
(Leutenegger et al, 2006)

(Rogaeva et al, 2004)

(Macedo et al, 2009; Rogaeva et al, 2004)

(Hatano et al, 2004)
(Rogaeva et al, 2004)
(Gelmetti et al, 2008)
(Hatano et al, 2004)
(Brooks et al, 2009)
(Marongiu et al, 2007)
(Tan et al, 2006)

(Tan et al, 2005)
(Hatano et al, 2004)
(Marongiu et al, 2007)
(Klein et al, 2005)
(Tan et al, 2006)
(Valente et al, 2004b)
(Savettieri et al, 2008)
(Healy et al, 2004)
(Valente et al, 2004a)
(zhang et al, 2005)
(Abou-Sleiman et al, 2006)
(Rogaeva et al, 2004)
(Marongiu et al, 2007)
(Rogaeva et al, 2004)
(Wang et al, 2006)
(Lee et al, 2009)
(Kumazawa et al, 2008)
(Hatano et al, 2004)
(Choi et al, 2008)
(Ibanez et al, 2006)
(Abou-Sleiman et al, 2006)
(Choi et al, 2008)
(Ibanez et al, 2006)

(Li et al, 2005)
(Marongiu et al, 2007)

EMBO Mol Med 1, 152-165

Location of mutation
within protein
N-terminus
N-terminus
N-terminus
N-terminus
N-terminus
N-terminus
N-terminus
N-terminus
N-terminus
N-terminus
N-terminus

N-terminus
N-terminus
N-terminus
N-terminus
N-terminus
N-terminus
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain (within the
ATP binding pocket)
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain

(Continued)
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Table 1. (Continued)

Mutation Patient/control origin Original reference

in PINK1

P399L Chinese (Tang et al, 2006)

R407Q Taiwanese (Tang et al, 2006)

G409V French (Ibanez et al, 2006)
G411S Irish-German (Mellick et al, 2009)
P416R Jordanian (Myhre et al, 2008)

E417G Japanese (Hatano et al, 2004)
S419P Jordanian (Myhre et al, 2008)

T420T American (Brooks et al, 2009)

P425S North American (Rogaeva et al, 2004)
Y431H Caucasian (Abou-Sleiman et al, 2006)
W437* Itanlian (Valente et al, 2004a)
W437R Turkish (Kumazawa et al, 2008)
G440E Tunisian (Ishihara-Paul et al, 2008)
14427 Italian (Valente et al, 2004b)
N451S Caucasian (Abou-Sleiman et al, 2006)
Q4561 Italian (Bonifati et al, 2005)
14615° Caucasian (Abou-Sleiman et al, 2006)
R464H” Italian (Valente et al, 2004b)
E476K' Italian (Valente et al, 2004b)
L489P% North American (Rogaeva et al, 2004)
R492** Taiwanese (Hatano et al, 2004)
P498L Norwegian (Toft et al, 2007)

R501P° Caucasian (Abou-Sleiman et al, 2006)
L519fsX522 Algerian (Ibanez et al, 2006)
K520RfsX522® Korean (Choi et al, 2008)

T521N' Irish (Healy et al, 2004)
D525NT Italian (Valente et al, 2004b)
Asp525fsX562 (4 base pair insertion) Italian (Rohe et al, 2004)

Insert CAA (Q) between 534 and 535 Italian (Klein et al, 2005)

A537T Italian (Marongiu et al, 2007)
N542S Japanese (Kumazawa et al, 2008)
C549fsX553° French (Ibanez et al, 2006)
C575R Caucasian (Abou-Sleiman et al, 2006)
Whole gene deletion® Italian (Marongiu et al, 2007)
Splice varient affecting exon 7 and 8." Italian (Marongiu et al, 2007)
Exon 6 — 8 deletion Japanese (Li et al, 2005)

Exon 6 — 8 deletion Japanese (Atsumi et al, 2006)

Exon 7 deletion Brazilian (Camargos et al, 2009)
Exon 4 — 8 deletion Sudanese (Cazeneuve et al, 2009)

Location of mutation
within protein
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
Kinase domain
C-terminus
C-terminus
C-terminus
C-terminus
C-terminus
C-terminus
C-terminus
C-terminus
C-terminus
C-terminus
C-terminus
C-terminus
C-terminus
C-terminus
C-terminus
C-terminus
C-terminus
C-terminus
C-terminus

“mutation results in a stop codon.

@ % 7 0% % ¢ _ hoth mutations found in a compound heterozygous patient.

ifound in a compound heterozygote with mutation V317I.
#found in a compound heterozygote with mutation R492X.
‘found in a compound heterozygote with mutation Q456"
'mutation has been identified in patients and controls.
Smutation was found in a control individual only.

famino acid variant found in patients and controls which associates with late onset PD.

complex I in these cells. In contrast, expression of PINKI

PINK1 has been reported to protect against oxidative stress by

containing the PD associated mutations G309D, W437X and phosphorylating the mitochondrial chaperone tumour necrosis
a kinase inactivating mutation K219A failed to rescue the factor receptor-associated protein 1 (TRAP1)/heat shock protein
complex I phenotype (Morais et al, 2009). In addition, whilst 75 (Hsp75) (Pridgeon et al, 2007). PINKI1 co-localizes and
there were no obvious signs of oxidative stress damage, interacts with TRAP1 in the mitochondrial intermembrane
exposure of littermates to environmental toxins revealed that space. Upon phosphorylation, TRAP1 prevents cytochrome c
the neurons of mice lacking the PINK1 protein were more release and H,0, induced apoptosis by an as yet unknown

susceptible to oxidative stress (Gautier et al, 2008).

www.embomolmed.org EMBO Mol Med 1, 152-165

mechanism and the ability of PINK1 to phosphorylate TRAP1 (in

© 2009 EMBO Molecular Medicine

155



156

Review

The physiological roles of PINK1

protection against
oxidative stress

' e mutations
&-' 1 J— 1 [ROS],

mtDNA

NAD* NADH

G

Figure 1. PINK1 protects against oxidative stress induced apoptosis. In the
absence of PINK1, mitochondrial and cytoplasmic ROS levels increase and
cells showed impaired complex | activity within the electron transport chain.
Phosphorylation of the TRAP1 protein by PINK1 is required for PINK1’s
pro-survival effect.

synthase

T [ROSL

vitro or in cell culture systems) is impaired by kinase
inactivating or PD associated mutations. Notably, in the absence
of TRAP1, over-expression of wild type PINK1 is unable to
protect cells against oxidative stress mediated apoptosis
indicating that TRAP1 is essential for the pro-survival effects
of PINK1 (Pridgeon et al, 2007). The effect of PINK1 deficiency
in relation to oxidative stress and ROS production is summar-
ized in Fig 1.

PINK1 and respiration

Animal cells obtain energy in the form of ATP by oxidizing food
molecules through the process of respiration. Hydrolysis of ATP
supplies the energy needed for a number of cellular processes.
Through sub-fractionation of mitochondrial extracts, Liu et al
have shown that PINK1 exists in large protein complexes with the
respiratory chain complexes I-IV (Liu et al, 2009). Moreover, they
showed that mitochondrial respiration—as measured by oxygen
consumption—and ATP production can be impaired by loss of
PINK1 function or the presence of a PD mutation. As a result of
the reduced energy supply, proteasome function may be
impaired. Finally, these deficits are associated with increased
a-synuclein aggregation (Liu et al, 2009). Piccoli et al have
characterized fibroblasts from a patient affected by early-onset
parkinsonism carrying a homozygous W437X nonsense mutation
in the pinkl gene. When examined, mitochondria from the
patient fibroblasts showed a significant decrease in the
respiratory activity and ATP production accompanied by ROS
accumulation when compared with normal controls. These
alterations seem to be due to a decrease in mitochondrial

© 2009 EMBO Molecular Medicine

cytochrome ¢ content. However, enzymatic assays and non-
denaturing gel electrophoresis showed no significant decrease in
the specific activity, content and subunit pattern of the oxidative
phosphorylation complexes (Piccoli et al, 2008b). In a number of
pathological conditions, the impairment of mitochondrial
respiratory chain function is due to mutations in the mitochon-
drial DNA (mtDNA) (Chinnery & Turnbull, 1999). Although the
fibroblasts of patients carrying the W437X mutation did not show
variation in either the expression of the oxidative phosphoryla-
tion complexes or mtDNA copy number, sequence analysis of the
mtDNA revealed two missense mutations in the NDS and NDé6
genes (coding for two subunits of complexI) (Piccoli et al, 2008a).
However, Gegg et al have shown that loss of PINK1 expression in
human dopaminergic SH-SY5Y cells resulted in a decrease in
mtDNA levels and mtDNA synthesis, associated with an
impairment of the respiration chain, with complex IV being
particularly affected (Gegg et al, 2009).

More recently, live cell imaging techniques have been used to
study the precise effects of loss of PINK1 function in both human
and mouse neurons (Gandhi et al, 2009). In this study, the
authors demonstrate that PINK1 regulates calcium efflux from
the mitochondria (discussed in detail in the ‘PINK1 in calcium
signalling’ section). As a result of PINK1 deficiency, mitochon-
dria suffer from calcium overload and this stimulates ROS
production in the mitochondria and cytosol. Overproduction of
free radicals causes inhibition of the glucose transporter,
resulting in a lack of substrate delivery, and impaired
respiration. Generalized impairment of respiration seems to
be a consequence of the lack of substrates for complexes I and II
and is associated with reduced oxygen consumption in the
PINK1 knockdown and knockout cells (Gandhi et al, 2009). The
lowered activity of the oxidative phosphorylation complexes
results in a decrease in mitochondrial membrane potential. As a
result, the mitochondria switch from the production of ATP, to
the consumption of ATP by ATP synthase in order to maintain
their membrane potential (Campanella et al, 2008). These
data strongly suggest that the respiratory complexes in
PINK1 deficiency are intact and that their functional inhibition
is in fact secondary to a reduction in substrate supply. The
study by Morais et al supports these findings in both PINK1
mouse and Drosophila models (Morais et al, 2009). Fig 2
presents a simplified diagram of PINK1 function in cellular
respiration.

PINK1 and ubiquitination/protein folding

Most neurodegenerative diseases are associated with the death
of specific neuronal populations due to protein folding events
leading to misfolding, aggregation and cytotoxicity of certain
proteins. In PD, research on protein misfolding and aggregation
has taken centre stage following the association of mutations
within a-synuclein with familial forms of the disease and the
identification of the protein as a major component of Lewy
bodies. These aggregates often contain ubiquitin, the signal
protein for degradation by the ubiquitin-proteasome system
(UPS), and chaperone proteins that are involved in protein
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PTP

0.. @ | aw, 1 [ROS],
7N 4 NADH
ATP NAD,
'ADP HO ®
ATP 0,
synthase

| respiration
| ATP production

| glucose (substrates)

glucose transporter

T

1 [ROSI.

1 NADPH oxidase activity

}

1 [Ca*l.

Figure 2. PINK1 and respiration. Loss of PINK1 function impairs
mitochondrial respiration, results in reduced ATP production and increased
ROS levels. The increase in ROS inhibits the glucose transporter and could
induce mutations within mitochondrial DNA. Impairment of the glucose
transporter reduces substrate delivery to complexes | and Il of the respiratory
chain. As a direct consequence, ATP synthase is forced to consume, rather than
produce, ATP in order to maintain the mitochondrial membrane potential.

folding. Chaperones and the UPS usually work cooperatively to
eliminate degraded proteins (Gao & Hu, 2008).

Chaperone proteins, most of which belong to the heat shock
protein (Hsp) family, are the first line of defence against protein
misfolding and aggregation. In this context, they are likely to be
key players in PD pathogenesis. Interestingly, PINK1 has been
shown to interact with several chaperone proteins and these are
known to affect both PINKI stability and PINK1’s ability to
function as a neuroprotective kinase (Fig 3). The interaction
between PINK1 and molecular chaperones Hsp90 and Cdc37 is
required to stabilize the full-length PINK1 and the 42 kDa PINK1
cleavage product. Mutations that result in reduced PINK1
protein stability have been reported in PD patients; hence it was
proposed that inhibition of the PINK1/Hsp90/cdc37 interaction
might contribute to the pathogenesis of PD (Moriwaki et al,
2008). Additional studies have shown that this chaperone
system influences both the subcellular distribution of PINK1 and
the ratio of full-length to cleaved protein (63/55kDa ratio)
(Weihofen et al, 2008). As mentioned in the previous section,

www.embomolmed.org EMBO Mol Med 1, 152-165
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PINKI1 has also been shown to be necessary for phosphorylation
of the mitochondrial chaperone TRAP1/Hsp75.

In addition to the molecular chaperones, some proteases
monitor the quality of proteins in the mitochondria. For
example, the ATP-dependent proteases monitor the quality of
proteins in the mitochondrial matrix independent of a ubiquitin
pathway (Germain, 2008). Another example is HtrA2 (also
known as Omi), a mitochondrial serine protease initially
identified as a mammalian homologue of the Escherichia coli
stress responsive proteases HtrA/DegP and DegS (Faccio et al,
2000). The function of HtrA2 remains unclear but it was
proposed to be involved in a protein quality control system
within mitochondria, in a manner similar to the homologous
stress-adaptive proteins DegP and DegS in bacteria (Spiess et al,
1999; Walsh et al, 2003). Interestingly, PINK1 was shown to
interact with HtrA2 and this interaction is likely to play an
important role in the regulation of HtrA2 protease activity (Plun-

PINK1 stabilisation

PINK1

mltophagy ‘

protein quality control

mlsfolded
Parkin substrates

:

UPS
PINK1 homeostasis

Figure 3. PINK1 and ubiquitin/protein folding/mitophagy. PINK1 interacts
withthe serine protease HtrA2, the E3-ligase Parkin and the molecularchaperone
proteins Hsp90 and cdc37. The homologues of HtrA2 are involved in a protein
quality control system. Whether HtrA2 is involved in PINK1 degradation has yet
to be determined. PINK1’s interaction with Parkin stabilizes PINK1 by interfering
with PINK1 ubiquitination and subsequent degradation. PINK1 also forms a
functional E3 ligase complex with Parkin and DJ-1 to promote the degradation of
misfolded Parkin substrates via the UPS. In addition, the interaction between
PINK1and the Hsp90-cdc37 complexresultsinthe stabilization of the full length
PINK1 and its 42 kDa cleavage product. The UPS is critically dependent on ATP.
Therefore, since loss of PINK1 results in reduced ATP levels, the UPS function may
be impaired resulting in the accumulated misfolded and ubiquitinated proteins
being removed by autophagy.
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Favreau et al, 2007). Recent evidence suggests that the
mitochondrial protein quality control system involving HtrA2
is ubiquitin-dependent (Radke et al, 2008).

The UPS, which is now believed to be the major system of
defence against protein misfolding/aggregation, is of major
importance in PD aetiology (Olanow & McNaught, 2006).
Moreover, a ubiquitin-dependent protein quality control has
been proposed to exist in the mitochondria. However, although
a number of mitochondrial ubiquitin ligases have been
identified (e.g. MITOL, MARCHS5 and MULAN), the full
spectrum of mitochondrial ubiquitin ligases and their substrates
need to be further characterized (Li et al, 2008; Nakamura et al,
2006a; Yonashiro et al, 2006). Parkin is known to be a ubiquitin-
ligase, which attaches ubiquitin molecules to substrate proteins.
Although Parkin localizes predominantly to the cytosol and
cellular vesicles, it has also been shown to associate with the
outer mitochondrial membrane. PINK1 has been shown to act
upstream of Parkin in a common pathway to maintain
mitochondrial function (Yang et al, 2006). Notably, proteasomal
inhibition in cells over-expressing wild type PINK1 promotes its
sequestration into aggresome-like inclusions that stain posi-
tively with antibodies to mitochondrial proteins, amongst which
is endogenous Parkin (Mugqit et al, 2006). Ultrastructural studies
confirmed the presence of intact mitochondria in aggresomes,
suggesting that the mechanism by which PINK1 localizes to
aggresomes is caused or mediated by mitochondrial recruitment
(Muqit et al, 2006). Moreover, a recent report demonstrated the
presence of mitochondria within Lewy body-like intraneuronal
inclusions in a genetic mouse model of proteasome impairment
(Bedford et al, 2008). It is tempting to speculate that PINK1
mutations could impair the function of the UPS. However,
PINK1 mutations decrease ATP production (Liu et al, 2009) and
could subsequently affect normal UPS function because
ubiquitin is bound to its substrates in an ATP dependent
manner. This suggests that the effects observed in the UPS may
be secondary effects of PINK1 deficiency.

In recent years, it has become clear that ubiquitinated proteins
can also be removed via autophagy, especially under conditions
of cellular stress. Indeed, increasing evidence suggests that
autophagy acts as a compensatory degradation system when the
UPS is impaired. This finding is intriguing given the recent data
suggesting that loss of PINK1 function promotes autophagy in the
mitochondria (mitophagy) and that Parkin function might be
required for PINK1 to maintain mitochondrial homeostasis
(Dagda et al, 2009). Autophagy is the biological process by
which cells remove damaged or redundant components using
lysosomes to digest the unwanted elements. Cells deficient in
PINK1 were observed to have elevated levels of autophagic
vacuoles and lysosomes in comparison to controls; also, stable
PINK1 knockdown was able to induce autophagic mitochondrial
sequestration, delivery of mitochondria to lysosomes and a
decrease in the cellular levels of mitochondria (Dagda et al, 2009).
Mitochondrial autophagy could be prevented by the over-
expression of PINK1 or AN-PINK1 (amino acids 111-581)
suggesting that PINK1 kinase activity is required to protect
against autophagy. It is of note that some abnormally large
mitochondria were observed in cells over-expressing PINK1 but

© 2009 EMBO Molecular Medicine

the presence of these abnormal mitochondria did not induce an
autophagic response. At present, no hypothesis has been
suggested to explain PINK1’s function in autophagy. One
possibility could be that autophagy is a secondary event induced
by the reduction in mitochondrial membrane potential (AWm)
and subsequent impaired mitochondrial dynamics. However,
additional studies will be required to clarify the situation.

PINK1 in mitochondrial fusion and fission

Mitochondrial fusion and subsequent fission regulate mito-
chondrial morphology, copy number and overall mitochondrial
health. The process of fusion is crucial in maintaining a healthy
mitochondrial population. Once the mitochondrial membranes
fuse, essentially joining two or more mitochondria, the internal
contents such as proteins, metabolites and substrates can be
shared between them to compensate for individual deficiencies
and maintain a population of functionally optimal mitochondria
(Westermann, 2008).

The process of fission generates numerous small, morpho-
logically and functionally independent, spherical mitochondria
and generally results in the production of two ‘unequal’
daughters (Twig et al, 2008). One daughter, which displays a
transient increase in basal AWm, joins the functional population
of mitochondria within cells and will subsequently go on to
participate in a fusion event. The other daughter, however,
displays a transient AYm below that normally observed within
healthy organelles and this mitochondrion is subsequently
removed from the population by autophagy (Twig et al, 2008).

The shape of mitochondria greatly affects the cell’s ability to
ensure that the organelles are distributed to areas of high-energy
demands. The ability to successfully distribute mitochondria to
specific cellular locations, such as synaptic junctions, is of
crucial importance in highly polarized cells such as neurons.

A role for PINK1 in the regulation of mitochondrial fission/
fusion dynamics has recently been proposed in a series of
articles (Deng et al, 2008; Park et al, 2009; Poole et al, 2008;
Yang et al, 2008). The initial observation was reported in a series
of genetic complementation studies in Drosophila (Park et al,
2009; Poole et al, 2008; Yang et al, 2008). Drosophila PINK1
(dPINK1) RNAi or dPINKI mutant flies display a number of
phenotypes including altered mitochondrial morphology in both
flight muscle and dopaminergic neurons. The mitochondrial
abnormalities obtained through loss of PINK1 function consist
of mitochondrial aggregates, swollen or enlarged mitochondria
and the presence of a tubular mitochondrial network within the
cells. This phenotype can be modified by genetically comple-
menting the flies with either an extra copy of the fission
promoting gene drp-1 or removal of a copy of the fusion
promoting gene opa-1 (Poole et al, 2008; Yang et al, 2008).
Overall, the combined results of the Drosophila studies would
seem to suggest that dPINK1 is involved in promoting
mitochondrial fission (Fig 4). In support of this, the study by
Morais et al has reported less severe but similar synaptic defects
in PINK1 knockout flies to those observed in drp-1 deficient cell
lines.
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In contrast, PINK1 is thought to function as a pro-fusion
protein in mammalian cells because reduced PINK1 function, via
RNAI, in a human dopaminergic stem cell line (197VM) and
HeLa cells is associated with fragmented mitochondria and
reduced mitochondrial membrane potential (Exner et al, 2007;
Wood-Kaczmar et al, 2008) (Fig 4). As confirmation that these
mitochondrial abnormalities are physiologically relevant, and
not merely an artefact of non-specific RNAi effects, analysis
of patient fibroblasts carrying the PINK1 PD associated
mutations Q126P or G309D, also revealed an aberrant
fragmented mitochondrial morphology (Exner et al, 2007). To
date, however, whilst no studies have been able to show a direct,
non-complex associated interaction between the PINKI1 protein
and any of the mitochondrial fusion/fission machinery proteins,
over-expression of dominant negative DRP-1 in PINK1 knock-
down cells was sufficient to rescue the morphological pheno-
types associated with PINK1 deficiency. However, expression of
dominant negative DRP-1 failed to reduce ROS production
induced by PINK1 deficiency indicating that the morphological
changes associated with loss of PINK1 function are downstream
of the ROS phenotype (Dagda et al, 2009). Furthermore, we
know that loss of PINK1 causes a reduction in the mitochondrial
membrane potential. The energy state of the mitochondrial
membrane has additional effects on mitochondrial fission and
fusion because mitochondria with lower membrane potentials
are less likely to undergo fusion events (Twig et al, 2008).

The current evidence given to suggest that PINK1 may play a
role in mitochondrial fission/fusion events in humans has
essentially been made from direct morphological analyses of
cells. While the hypothesis that PINK1 is a pro-fusion protein is
exciting, it remains possible that the effects of PINK1 deficiency
(or expression of the PINK1 protein carrying a PD mutation) on
mitochondrial morphology are merely downstream conse-
quences of a direct action on an entirely distinct process such
as ROS production, low AWm and calcium flux (see ‘PINK1 in
calcium signalling’ section). In addition, it is worth noting that
fission and fusion events are regulated by the cell cycle with an
increase in mitochondrial fission being associated with M and S
phases (Chan, 2006). To our knowledge, the cell cycle stage has
not been determined in any of the current studies prior to
examining the role of PINK1 in fission and or fusion events and it
may therefore be an additional factor to address in future
experiments.
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Figure 4. PINK1 in mitochondrial fission/fusion.
The balance between mitochondrial fission and
fusion is affected by PINK1. PINK1 functions as a
potential pro-fusion protein in mammals and a
pro-fission protein in Drosophila. Loss of PINK1
results in increased fission in mammalian
mitochondria. This phenotype can be rescued by
overexpression of a dominant negative DRP-1
protein. In contrast, loss of PINK1 function drives
mitochondrial fusion in Drosophila. This phenotype
can be rescued by overexpression of wild type DRP-1.

An additional puzzle regarding PINK1 function in fission or
fusion is why PINK1 in Drosophila appears to induce the
opposite effect than that seen in mammalian cell models or
human patient fibroblasts, whereas other fission/fusion homo-
logues display the same phenotypes in both organisms. An
exception to PINKI acting as a pro-fusion protein in mammals
has, however, been reported in COS-7 cells, where the authors
suggest that the discrepancy in phenotype may be cell-type
specific (Yang et al, 2008). If cell-type does indeed play an
important role in the morphological assessment of fission/
fusion events, this raises the question of why recent studies have
not utilized neuronal cell lines in an attempt to recapitulate the
polar environment of dopaminergic neurons. In addition, one
might expect that if PINK1 is a pro-fusion protein then the
knockout mice may display phenotypes similar to those of other
pro-fusion protein knockouts. In the case of mfn-1 or mfn-2
knockout mice, cells show severe mitochondrial fragmentation
(Chen et al, 2003, 2005). Whilst RNAi studies and morphological
assessment of patient fibroblasts suggest a reduction in fusion,
no abnormal mitochondrial localization or morphology has
been observed in the pinkl knockout mouse models (Kitada et
al, 2007; Morais et al, 2009).

At present, Parkin is also a complicating factor in dissecting
out a role for PINKI1 in fission/fusion. PINK1 and Parkin have
been shown to function in the same pathway with PINK1 acting
upstream of Parkin (Yang et al, 2006). In addition, it has been
reported that PINK1 depletion by RNAi resulted in reduced levels
of Parkin protein levels (Yang et al, 2006). However, loss of
Parkin function by RNAI, in a wild type PINK1 background, can
induce the same mitochondrial phenotypes as those described
for PINK1 deficiency (Deng et al, 2008; Mortiboys et al, 2008).
Therefore, because loss of Parkin function is sufficient to induce
the reported abnormal mitochondrial morphology, and Parkin
expression is clearly reduced in the absence of PINKI1, it will be
hard to dissect out and assign a specific role to PINK1 in
mitochondrial dynamics independently of Parkin.

Taking all factors into account, it may therefore be prudent to
interpret these mitochondrial morphology effects with caution
until further evidence of a direct link between PINK1 function
and fission/fusion events is reported. Additional evidence using
techniques such as cell-cell fusion, fluorescence recovery after
photobleaching (FRAP) or photoactivatable green fluorescent
protein (GFP) (previously used to assess fission/fusion in
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neurons) would help to strengthen the case for PINK1 being a
pro-fusion protein in mammals. Notably, photoactivatable GFP
has recently been used to assess fusion in Drosophila with
regards to Miro (Saotome et al, 2008). These techniques are
briefly described in two reviews on mitochondrial fusion and
fission dynamics (Berman et al, 2008; Chan, 2006).

PINK1 and mitochondrial trafficking

Mitochondria are mobile organelles and cells rearrange their
mitochondrial populations according to local ATP needs of each
cellular region at a particular time. Regulation of mitochondrial
distribution is especially important in neurons, which are
particularly dependent on organelle trafficking to balance the
changing energy needs of the different regions of the cell
(Hollenbeck & Saxton, 2005). Consequently, defects in mito-
chondrial trafficking/distribution can underlie a neurodegen-
erative disease (Detmer & Chan, 2007). The majority of the
mitochondrial movements have been shown to be microtubule-
based. Interestingly, PINK1 has recently been shown to form a
multiprotein complex with Miro and Milton, two proteins
which (together with kinesin-1) play a crucial function in
the anterograde mitochondrial transport along microtubules
(from the cell soma to the synapse) (Weihofen et al, 2009)
(Fig 4).

Miro and Milton both reside at the outer mitochondrial
membrane. PINK1, however, has been shown to reside in
the inner membrane of the mitochondria (Gandhi et al, 2006)
and contains a predicted transmembrane domain within its
amino terminus (TM pred—www.ch.embnet.org/software/
TMPRED_form.html). Nevertheless, the exact localization of
PINK1 is still a matter of debate. Fractionation studies have
revealed that the majority of endogenous PINK1, corresponding
to the full-length protein, was found in cytoplasmic fractions
(Haque et al, 2008). Zhou et al also showed some evidence to
suggest that the kinase domain of mitochondrial PINK1 faces the
cytosol (Zhou et al, 2008b). In addition, it has been suggested
that PINK1 could play a relevant role in PD mechanisms outside
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the mitochondria (Haque et al, 2008). If PINK1, Miro and Milton
are not localized in the same mitochondrial compartment, it is
unclear how these proteins would interact. One possibility is
that the interaction is not direct and adapter proteins in the
mitochondrial inter membrane space may be required for
complex association. Alternatively, Miro, Milton and PINK1
could interact en route to the mitochondria from the nucleus.
However, if this is the case, it is important to remember that
many mitochondrial proteins are not folded correctly until they
are imported within the mitochondria (Mills et al, 2008). The
significance of the interaction prior to PINK1 mitochondrial
import, under these circumstances, would therefore require
further investigation. On the other hand, confocal immuno-
fluorescence and subcellular fractionation studies have sug-
gested that PINK1 lacking its mitochondria targeting sequence
(MTS) (AMTS-PINK1) can be found in the mitochondria (Liu et
al, 2009; Plun-Favreau et al, 2007; Weihofen et al, 2009; Zhou
et al, 2008b). Weihofen et al have therefore suggested that
PINK1 could be retained in a MTS independent fashion at the
outer membrane of the mitochondria, facing the cytosol, by the
Miro-Milton complex. In order to strengthen any of these
hypotheses it will be critically important to develop better PINK1
antibodies that allow the detection of endogenous PINKI1 at the
subcellular level.

Several intracellular signals have been shown to control the
movement of mitochondria and thereby influence mitochon-
drial distribution. The most widely studied of these signals is
intracellular calcium which, when elevated, arrests microtu-
bule-based mitochondrial movement in many cell types. The
calcium-dependent regulation of mitochondrial motility has
been shown to be mediated by the kinesin-Miro-Milton
complex (Wang & Schwarz, 2009). A key role of mitochondria
is to buffer calcium and prevent calcium overload in the cytosol.
Recently, two independent studies have shown that PINK1
regulates calcium efflux from the mitochondria (Gandhi et al,
2009; Marongiu et al, 2009). It could therefore be hypothesized
that PINK1, together with Miro and Milton, plays a role in
mitochondrial trafficking by regulating mitochondrial calcium
efflux (summarized in Fig 5).

Figure 5. PINK1 and mitochondrial trafficking.
PINK1 interacts with Miro and Milton and may play a
role in anterograde mitochondrial transport within
cells. It is unclear whether PINK1 and Miro and
Milton interact en route to the mitochondria or
whether they interact via a possible adapter protein
at the mitochondria. Loss of PINK1 function increases
calcium levels within the cytosol and this is known to

A inhibit mitochondrial motility.
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Signalling through the PI3-kinase pathway has also been
implicated in the regulation of mitochondrial movement
(Hollenbeck & Saxton, 2005). Interestingly, PINK1 was
originally identified by an analysis of expression profiles from
cancer cells after the introduction of exogenous phosphatase
and tensin homolog (PTEN), a tumour suppressor that is
involved in the regulation of the phosphatidylinositol 3-kinase
(PI3K) signalling pathway (Unoki & Nakamura, 2001). Never-
theless, whether the PI3-kinase pathway is important for the
regulation of PINK1 and how this might impact on mitochon-
drial motility still remains to be determined.

PINK1 in calcium signalling

As mentioned previously, two recent studies have highlighted a
role for PINK1 in mitochondrial calcium signalling within the
mitochondria (Fig 6). Marongiu et al reported that the
phenotypes associated with either PINK1 deficiency or expres-
sion of the PD associated PINK1 mutant protein W437X (such as
the reduced A¥Ym and reduced ATP production) could be
restored by specifically blocking mitochondrial calcium uptake
(Marongiu et al, 2009). In addition, by directly assessing calcium
flux, the authors proposed that expression of PINK1 mutant
protein in SH-SY5Y cells may induce mitochondrial calcium
overload and that this may explain the mitochondrial pheno-
types associated with impaired PINK1 protein function. Gandhi
et al have provided a detailed biochemical and physiological

1 [Ca*],

open
PTP

1 [ROS], +—— 1 [Ca?].,

7

| respiration | calcium capacity

exchanger

Figure 6. PINK1 in calcium signalling. PINK1 directly regulates calcium
efflux from mitochondria via the mitochondrial sodium/calcium exchanger.
The resulting mitochondrial overload stimulates ROS production. The increase
in ROS inhibits the glucose transporter and reduces the substrate supply to the
respiratory chain. The combined calcium and ROS increase lowers the
mitochondrial membrane potential and results in opening of the
mitochondrial PTP pore at a lower stimulus. Opening of the mPTP releases
pro-apoptotic factors such as cytochrome ¢ from the mitochondria and
induces apoptosis.
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analysis on calcium signalling within three independent PINK1
deficient cell populations and have demonstrated that PINK1
directly regulates mitochondrial calcium flux through the Na™/
Ca** exchanger. The mitochondrial phenotypes associated with
PINK1 deficiency, i.e. low AWm, increased ROS production and
impaired respiratory complex functions have all been shown to
be a consequence of mitochondrial calcium overload. In
summary, the study demonstrates that PINK1 deficiency results
in the accumulation of calcium in the mitochondria. This
accumulation stimulates ROS production, which subsequently
inhibits the glucose transporter and results in reduced substrate
delivery to the mitochondrial respiratory chain complexes.
Furthermore, the reduced calcium buffering capacity of the
mitochondria in PINK1 deficient cells, combined with the
increased mROS production, lowers the threshold required by
the cell to open the mitochondrial permeability transition pore
(mPTP) which results in the release of pro-apoptotic factors
such as cytochrome c. Notably, dopaminergic neurons utilize
calcium channels, rather than sodium channels, to maintain
their autonomous pacing and are frequently exposed to large
calcium influxes (Chan et al, 2007). The reduced capacity to
buffer calcium signals, in the case of PINK1 deficiency, may
therefore go some way to explaining the susceptibility of
dopaminergic neurons to neuronal death in PD.

An indirect role for PINKI in calcium signalling has
additionally been proposed in zebrafish (Petko et al, 2009).
The PINK1 homologue has been shown to interact with the
calcium sensing molecule NCS-1. NCS-1 performs multiple roles
including the regulation of neurotransmitter release (Pongs et al,
1993), regulation of voltage gated Ca*" channels (Rousset et al,
2003), down-regulation of D2 dopamine (DA) receptors
(Kabbani et al, 2002) and functions as a neuronal pro-survival
factor (Nakamura et al, 2006b).

PINK1 and other human diseases

PINK1 and cancer

There is substantial evidence for low cancer rates in patients
with PD. This might be related to the involvement of common
genes in both diseases (Inzelberg & Jankovic, 2007).

PINK1 has been shown to be down-regulated in the absence
of PTEN (Unoki & Nakamura, 2001). The PTEN gene is a tumour
suppressor gene encoding a multifunctional phosphatase, which
plays an important role in inhibiting the PI3K/Akt pathway and
mutations in PTEN have been found in many human cancers.
PINK1 therefore appeared to be a novel candidate as a
mediator of the PTEN growth-suppressive signalling pathway.
Inhibition of the PI3K/Akt pathway and the up-regulation of
PINK1 by PTEN suggest the involvement of PTEN in both
cancer and PD. It is of note, however, that since the original
identification of PINK1 being up-regulated by exogenous
PTEN, only one study has subsequently observed this effect
(Siddall et al, 2008) and the link between PINK1 and PTEN in
PD has yet to be confirmed. Nonetheless, PINK1 has been
identified in a sensitized siRNA kinome and phosphatome
screen as an essential element for survival, making PINK1
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important as a potential cancer drug target (MacKeigan et al,
2005).

Other genes responsible for familial PD, as well as some heat
shock proteins, have also been implicated in tumourigenesis.
Mutations in the parkin and DJ-1 genes for example, have
been reported in different types of cancer (Inzelberg &
Jankovic, 2007). Thus, parkin and pinkI might be tumour
suppressor genes, whereas DJ-1 is likely to be an oncogene,
because of its negative regulatory effects on PTEN. Interestingly,
Parkin and DJ-1 have also been shown to be regulated and/or
regulators of the PI3K/Akt pathway (Fitzgerald & Plun-Favreau,
2008).

PINK1 and type 2 diabetes

One study has reported a link between transcription of the pink1
gene and type 2 diabetes (Scheele et al, 2007). Specifically,
pinkl transcription was suppressed in the skeletal muscle of
type 2 diabetic patients. Furthermore, transcription of pinkI was
also down-regulated under conditions of inactivity and/or
obesity in patients and controls. From this study, the authors
proposed a role for PINK1 in glucose metabolism. The recent
finding that loss of PINK1 inhibits the glucose transporter is
therefore encouraging (Gandhi et al, 2009). Interestingly, pinkI
transcription was shown to be up-regulated by FOXO3a—a
downstream target of insulin and PI3K/Akt (Mei et al, 2009).
These combined observations therefore warrant subsequent
studies regarding PINK1’s role in this disease.

PINK1 models: fruit fly versus mouse

Different animal models (toxin induced or genetically modified
models) have been developed in several species together with
specific behaviour tests to assess parkinsonism. In the case of
PINKI1, knockout models have been developed in the fruit fly
Drosophila melanogaster, zebrafish and mice.

Drosophila pink1 (dpinkI) knockout flies have thus far been
the most useful for assessing PINK1 function —perhaps because
of the autosomal recessive nature of PINK1 mutations and
compensatory pathways in vertebrates. These fly lines are
characteristically viable but sterile or hypofertile, have a motor
deficit, a shorter life-span, abnormal flight muscles with
impaired function, disorganized mitochondrial morphology,
reduced mitochondrial mass, lower concentrations of ATP and a
small reduction in the number of dopaminergic neurons (Clark
et al, 2006; Park et al, 2006; Yang et al, 2006). Similarly,
zebrafish deficient in PINK1 display decreased numbers of
dopaminergic neurons, reduced AWm, reduced Parkin protein
levels and increased ROS levels (Anichtchik et al, 2008). To date
however, only the study by Anichtchik et al has addressed
PINK1 function in zebrafish.

By comparison, pink1 inactivation in mice impairs DA release
but does not alter (1) DA levels; (2) the number of dopaminergic
neurons; (3) DA synthesis; or (4) levels of DA receptors (Gautier
et al, 2008; Kitada et al, 2007; Morais et al, 2009). The
impairment of DA release in pinkI knockout mice is, however,
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sufficient to compromise nigrostriatal circuit function. Interest-
ingly, mitochondrial respiration has been shown to be impaired
in the striatum of pink1 knockout mice at 3-4 months. Defects in
complex I, IT and IV were observed in the striatum of the pinkI
knockout mice (Gautier et al, 2008). Notably, defects in
complexes II and IV are a relatively novel finding in a PD
model and most studies to date, including examination of an
independent pink1 knockout mouse model, have only observed
complex I deficiency (Morais et al, 2009; Plun-Favreau & Hardy,
2008).

However, whilst Drosophila have always proven to be an
excellent model for dissecting out signalling pathways and
providing mechanistic insights into protein function, they do not
necessarily provide the optimum model for therapeautic
research. This is highlighted by the fact that treatment of
dpink1 knockout flies with antioxidants rescued the dopami-
nergic cell death phenotypes associated with loss of PINK1
function (Wang et al, 2006). In addition, drug treatments
with antioxidant properties were able to rescue the same
dopaminergic phenotype in the zebrafish model (Anichtchik
et al, 2008). Antioxidants have, however, been used in
clinical trials as potential PD therapeautics but the results have
been largely inconclusive (Shults & Haas, 2005; Storch et al,
2007).

The most likely reason for a weaker phenotype in mouse
models can of course be accredited to the activation of
compensation mechanisms present in mammalian species
and lacking in lower vertebrates and invertebrates such as
zebrafish and Drosophila. Whilst these mouse models may not
be the optimum model system to study the mechanisms by
which PD proteins perform their functions, they do in fact
provide us with information regarding the physiological
response to loss of function mutations and the compensatory
pathways, which are activated in mammals. The models may
therefore recapitulate the early situation in PD patients (perhaps
prior to diagnosis) and should therefore provide key information
for therapeautics.

Pending issues

Identification of the PINK1 cleavage site and the physiological
relevance of cleavage

Generation of specific, robust and reliable anti-PINK1 antibodies

Identification of PINK1 substrates

Further examination of PINK1 function in calcium signalling
Examination of PINK1’s role in mitochondrial bioenergetics

Investigation of additional PD related proteins for calcium

I
|
1
I Clarification of PINK1’s function in fission/fusion events
|
|
I signalling abnormalities

|

Clarification of PINK1’s function in autophagy
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Final comments

There is extensive evidence to confirm that PINK1 functions to
protect neurons against stress-induced cell death. In addition,
PINK]1 deficiency has been shown to have a profound effect on
respiration and ROS production. However, recent evidence has
shown that the respiratory complexes are in fact functional in
PINK]1 deficient cells and manys, if not all phenotypes associated
with altered respiration can be alleviated simply by increasing
the substrate supply to complexes I and II (Gandhi et al, 2009).
An exception to this is the reduced calcium efflux from
mitochondria. Notably, these experiments have been conducted
in human cell models or cultured primary neurons derived from
the pink1 knockout mice, therefore it will be interesting to see if
the phenotypes can be rescued in vivo using live pinkI knockout
mouse and Drosophila model systems.

Finally, one cannot summarize the past 5 years of research
into PINK1 function without addressing the continuing problem
of PINK1 antibodies to examine the endogenous protein. Several
groups, including ours, have reported the identification of
endogenous PINK1 protein with PINK1 specific antibodies.
However, few have reported the identification of the full-length
(63 kDa) and both the cleaved forms of the protein (53 kDa and
45 kDa) (Dagda et al, 2009; Exner et al, 2007; Gandhi et al, 2006;
Liu et al, 2009; Mugqit et al, 2006; Plun-Favreau et al, 2007;
Pridgeon et al, 2007; Siddall et al, 2008; Zhou et al, 2008b).
Furthermore, many groups state that the antibodies used do not
consistently recognize endogenous PINK1 and some report
background bands of the same molecular weight as the
physiological PINK1 cleavage products. This essentially renders
the antibody useless for examination of anything other than the
full-length protein. The lack of a PINK1 specific and consistent
antibody capable of detecting all forms of endogenous PINK1 is
a prominent obstacle in the PD field and it will have to be an area
of intense focus in the next few years if we are to truly
understand all aspects of PINK1 function.

The authors declare that they have no conflict of interest.

For more information

PINK1 OMIM link:
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=605909
Genetics Home Reference—PINK1:
http://ghr.nim.nih.gov/gene=pink1

Genetics Home Reference—Parkinson’s Disease:
http://ghr.nim.nih.gov/condition=parkinsondisease

PINK1 GeneCard:
http://www.genecards.org/cgi-bin/carddisp.pl?gene=PINK1
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