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P
arkinson’s disease (PD) is the
second most frequent neuro-
degenerative disease, affecting
�1% of people above age 50.

PD is clinically characterized by age-
dependent uncontrollable tremor, pos-
tural imbalance, slowness of movement,
and rigidity. The most salient pathologi-
cal feature of PD is a progressive loss of
dopaminergic neurons in the substantia
nigra region of the midbrain (1, 2). The
majority of PD cases are sporadic; how-
ever, �10–15% are familial, and muta-
tions in at least six loci are known to
cause PD. Several of these PD genes
are associated with ubiquitin-mediated
protein degradation and the abnormal
accumulation of proteins such as
�-synuclein in cytoplasmic aggregates
known as Lewy bodies. There is also
evidence that oxidative stress and de-
fects in mitochondrial function, particu-
larly in complex I, may contribute to PD
(3). Exposure of humans or mice to the
environmental toxins MPTP, paraquot,
or rotenone results in acute and irrevers-
ible parkinsonism. These toxins impair
mitochondrial function and consequently
increase free radical production and oxi-
dative stress. The age-dependent and
progressive nature of the disease, as well
as the fact that most PD cases are spo-
radic, suggest that environmental factors
also play important roles in the patho-
genesis of the disease. A favored hy-
pothesis of PD pathogenesis is that
genetic changes sensitize dopaminergic
neurons to intrinsic or extrinsic insults,
leading to the eventual loss of these
neurons and to parkinsonism. Previous
studies have shown that the fruitf ly Dro-
sophila melanogaster is a suitable model
for analyzing the function of genes in-
volved in PD (4, 5). In this issue of
PNAS, Wang et al. (6) expand the anal-
ysis of PD in Drosophila to examine
the role of PTEN-Induced Kinase 1
(PINK1), a mitochondrial protein. They
find that reducing the activity of the sin-
gle Drosophila homolog of PINK1
(dPINK1) induces a progressive loss of
dopaminergic neurons and retinal neu-
rons, which are phenotypes similar to
the pathological changes in human PD.
The authors also find that the human
PINK1 gene can substitute for the func-
tion of dPINK1, indicating that this
kinase functions as part of a highly
conserved genetic pathway. One of the
most important findings of this study,
which is relevant to the development of
potential therapies for PD, is that treat-

ment with antioxidants such as vitamin
E or expression of human SOD1 can
protect dPINK1-deficient flies from
neural degeneration.

The Parkinson Pathway
The Wang et al. (6) study complements
recent parallel reports (7–9) examining
the phenotypes of dPINK1 mutant flies
to provide new insights into the inte-
grated function of cytoplasmic and mito-
chondrial proteins in the etiology of PD.
An important puzzle in the etiology of
PD is that it seems to involve both cyto-
plasmic and mitochondrial functions, yet
it is unclear how these functions might
be linked. PINK1 is likely to function in
conjunction with another mitochondrial
protein known as DJ-1 because muta-
tions in this gene also cause autosomal
recessive forms of PD. Consistent with

this notion, a recent study reports that
digenic mutations of PINK1 and DJ-1
are associated with early-onset familial
PD cases (10). In addition, expression of
these two pathogenic proteins potenti-
ates susceptibility of SH-SY5Y cells to
oxidative stress, and PINK1 and DJ-1
can form a complex when coexpressed
in mammalian cells (10). PINK1 and
DJ-1 appear to function in the same
pathway as Parkin, which encodes an E3
ubiquitin ligase that is thought to func-
tion primarily in the cytoplasm, presum-
ably to target specific protein targets for
degradation or modified function�local-
ization (11). Parallel studies to those of
Wang et al. (6) revealed that the loss
of dPINK1 function resulted in a set of
neuronal and flight muscle phenotypes
very similar to those present in dParkin
mutant flies (7–9). Although the protein
targets regulated by Parkin that are in-
volved in PD are not known for certain,
one clear candidate is �-synuclein be-
cause elevated levels of this protein are
observed in Parkin mutant cells and be-
cause at least one form of �-synuclein is
a substrate for Parkin-mediated ubiquiti-
nation (12). In addition, as mentioned

above, overexpression of mutant forms
of �-synuclein can cause PD. Another
candidate Parkin target is a G protein-
coupled membrane protein known as
Pael-R. Overexpression of Pael-R func-
tion can cause dopaminergic neural de-
generation, and this effect is suppress-
ible by Parkin (13). It is also noteworthy
that Parkin mutant cells are hypersensi-
tive to oxidative stress, which suggests
some link to mitochondrial function.
Epistasis experiments indicate that Par-
kin mediates an important effect of
PINK1�DJ-1 because overexpression of
Parkin can rescue PINK1 mutants (8, 9).
Overexpression of DJ-1, however, can-
not rescue dPINK1 mutants (7), in ac-
cord with DJ-1 and PINK1 acting as
unit. Consistent with models in which
PINK1�DJ-1 acts on Parkin, Parkin
levels are reduced in PINK1 mutants.
PINK1�DJ-1 therefore may influence
the transcription and�or translation of
Parkin, although it is unclear whether
this effect would be direct or indirect.
This study by Wang et al. (6) further
indicates that antioxidants also act
downstream of PINK1 and suggests that
PINK1 may play a role in sensing oxida-
tive damage rather than in responding
to it. In line with this view, dPINK1 mu-
tants are hypersensitive to agents caus-
ing oxidative damage such as rotenone
or paraquot (8).

The epistasis experiments described
above could be interpreted in terms of
a linear sequence of events beginning
with a PINK1�DJ-1-dependent phos-
phorylation event in the mitochondria
and eventuating in Parkin-mediated deg-
radation or modification of specific cy-
toplasmic proteins such as �-synuclein
or Pael-R. However, this view may be
an oversimplification. One reason for
suspecting that the two compartmental-
ized processes actually may be acting as
part of a single regulatory loop is that
dParkin mutants have mitochondrial
defects similar to those observed in
dPINK1 mutants. There is evidence that
some Parkin protein also is present in
mitochondria and that Parkin and DJ-1
complex when cells are under oxidative
stress (14). In addition, the loss of dopa-
minergic neurons resulting from over-
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PTEN-Induced Kinase 1
may play a role in
sensing oxidative

damage.
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expression of the Parkin substrates
�-synuclein or Pael-R is thought to trig-
ger a cellular stress response that is
most likely sensed by mitochondria.
The ability of overexpressed Parkin or
antioxidants to suppress PINK1 loss-of-
function mutant phenotypes therefore
may simply be due to these agents
reducing cellular stress directly, there-
by bypassing the need for PINK1-
dependent detection of such stress
(caused by either protein unfolding or
oxidative damage). In line with such a
view, overexpression of the mitochon-
drial protein BCL2, which mediates the
effects of a wide variety of antiapoptotic
signals, also can suppress the loss of
dPINK1 function (9). Further experi-
ments examining the epistatic relation-
ships between PINK1, DJ-1, and Parkin
and additional components of the mito-
chondrial stress�apoptosis pathway
should help resolve the interrelation-
ships between cytoplasmic and mito-
chondrial elements of the PD pathway.

PINK1 as a Discovery Tool
Another interesting possibility raised by
the various studies of dPINK1 in flies is

that genetic background may contribute
significantly to the phenotype resulting
from dPINK1 loss of function. For ex-
ample, in contrast to the dramatic loss
of dopaminergic neurons observed in
the study by Wang et al. (6), Park et al.
(9) observed that a null allele for
dPINK1 caused only a mild loss of do-
paminergic neurons, whereas Clark et al.
(8) reported no loss at all of these neu-
ronal cells. One explanation for this
variation in phenotype is that genetic
background may play an important role
in the severity and�or penetrance of the
dPINK1 phenotype. Perhaps the degree
of baseline oxidative damage depends
on genetic background, which would be
consistent with the finding by Wang et
al. (6) that antioxidants can protect
against even the most severe dPINK1
loss-of-function phenotype. It also has
been suggested that the environment
and genetic background similarly play a
key role in the age of onset and severity
of PD in humans. Both environmental
and genetic factors may contribute to
sporadic PD cases. For example, in ad-
dition to damage linked to oxidative

stress in the brains of sporadic PD pa-
tients, mutations in PINK1 have been
found in some sporadic cases (15, 16). If
background genetic factors determining
the sensitivity to loss of PINK1 function
are similar in flies and humans, f lies
may prove suitable for conducting
second-site modifier screens to identify
additional genes acting in the conserved
PINK1�DJ-1�Parkin pathway. For ex-
ample, screens for enhanced loss of do-
paminergic cells in the fly might turn up
new core elements of the PD pathway
affecting a broad range of tissues as well
as genes mediating the preferential sus-
ceptibility of DA cells in the mammalian
brain to reduced activity of this path-
way. The ability to target loss of
dPINK1 function in a cell type-specific
fashion in the RNAi system established
by Wang et al. (6) also opens the door
to conducting high-throughput screens
for small molecules that can suppress
specific neuronal degeneration pheno-
types. Such molecules ultimately could
lead to the development of drugs that
would put PD patients back in the pink.
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