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Mutations in the genes PTEN-induced putative kinase 1 (PINK1), PARKIN, 
and DJ-1 cause autosomal recessive forms of Parkinson disease (PD), and 
the Pink1/Parkin pathway regulates mitochondrial integrity and function. 
An important question is whether the proteins encoded by these genes func-
tion to regulate activities of other cellular compartments. A study in mice, 
reported by Xiong et al. in this issue of the JCI, demonstrates that Pink1, 
Parkin, and DJ-1 can form a complex in the cytoplasm, with Pink1 and DJ-1 
promoting the E3 ubiquitin ligase activity of Parkin to degrade substrates via 
the proteasome (see the related article beginning on page 650). This protein 
complex in the cytosol may or may not be related to the role of these proteins 
in regulating mitochondrial function or oxidative stress in vivo.

Parkinson disease (PD) is the second most 
common neurodegenerative disorder, and 
mutations in the genes PTEN-induced 
putative kinase 1 (PINK1, also known as 
Parkinson disease 6 [PARK6]), PARKIN (also 
known as PARK2), and DJ-1 (also known as 
PARK7) cause autosomal recessive forms 
of PD/parkinsonism. PINK1 encodes a 
protein with a mitochondrial targeting 
sequence and a putative serine/threonine 
kinase domain, and PINK1 is predomi-
nantly localized to mitochondria (1). The 
Parkin protein contains two RING finger 
motifs, has E3 ubiquitin ligase activity in 
vitro, and is largely localized to the cytosol 
(1). The endogenous DJ-1 protein is found 
in mitochondria and cytosol, but the func-
tion of DJ-1 is not entirely clear (1). Studies 
on the functions of these genes may provide 
important insights into PD pathogenesis.

Prior studies on protein degradation
Most PD patients have intraneuronal inclu-
sions in the form of ubiquitin-positive Lewy 
bodies and Lewy neurites. Given the pres-
ence of Parkin in Lewy bodies and the puta-
tive role of Parkin as an E3 ligase, much 
of the initial work on Parkin was focused 

on its potential role in regulating protein 
degradation via the ubiquitin-proteasome 
system (UPS). Ubiquitination is accom-
plished by covalently linking the ubiqui-
tin polypeptide (Ub) to a lysine residue in 
a specific protein substrate and requires 
the sequential action of an E1 activating 
enzyme, an E2 conjugating enzyme, and an 
E3 ligase (2). E3 ubiquitin ligases can medi-
ate monoubiquitination (the addition of a 
single Ub to the substrate protein), mul-
tiubiquitination (the addition of multiple 
single Ubs to different lysine residues in 
a target protein), and polyubiquitination 
(in which chains of four or more Ubs are 
formed by the linkage of Ub molecules to 
lysine residues in other Ub molecules) (2). 
These linkages are most often to lysine 48 
(K48) or lysine 63 (K63) of the Ub polypep-
tide. Proteins to be degraded by the protea-
some are largely K48 polyubiquitinated. In 
contrast, K63 polyubiquitination, as well as 
monoubiquitination and multiubiquitina-
tion, primarily function in non-degradative 
processes including signal transduction, 
transcriptional regulation, protein local-
ization, and membrane trafficking (2).

Previous studies suggested that Parkin 
could function as an E3 ligase for protea-
some-mediated protein degradation (3). A 
handful of substrates of Parkin, including 
Parkin itself and an a-synuclein–interact-
ing protein (Synphilin-1) (4), have been 
identified in vitro. If Parkin were indeed 
important in the degradative pathway in 
vivo, one would expect that the levels of 
its substrates should increase in Parkin-

knockout mice. Unexpectedly, however, 
most of the substrates studied, including 
Synphilin-1, did not accumulate in Parkin-
null mice (5). In addition, several studies 
have revealed that Parkin preferentially cat-
alyzes monoubiquitination and K63-linked 
polyubiquitination of substrates including 
Synphilin-1 (6–8). These latter observa-
tions may offer potential explanations for 
the lack of substrate accumulation in vivo 
by implicating Parkin in a non-degradative, 
proteasome-independent process. Studies 
in Drosophila and more recently in mam-
mals have provided important insights into 
Parkin function, although whether Parkin 
possesses degradative or non-degradative 
functions remains to be determined.

Central role of mitochondrial 
function in PD pathogenesis
Flies lacking Parkin function show strik-
ing defects in mitochondrial morphology 
that are highly similar, if not identical, to 
those observed in Pink1 mutants (9–11). 
Genetic epistasis experiments have dem-
onstrated that Parkin and Pink1 act in a 
common genetic pathway, with Pink1 posi-
tively regulating Parkin (9, 10). This Pink1/
Parkin pathway controls mitochondrial 
integrity at least in part via promotion of 
mitochondrial fission and/or inhibition of 
mitochondrial fusion (12–14). Consistent 
with these findings in Drosophila, patients 
with PINK1 or PARKIN mutations have 
indistinguishable clinical features and also 
show mitochondrial defects (1, 15). Recent 
studies also suggest that Pink1 and Parkin 
regulate mitochondrial functions in mam-
mals (16–19). These findings underscore 
the central importance of the Pink1/Parkin 
pathway in regulating mitochondrial integ-
rity and function.

Parkin is localized largely in the cytosol, 
though it can be found within mitochon-
dria or associated with the outer mito-
chondrial membrane in certain contexts 
(20–22). Meanwhile, Pink1 has been found 
within mitochondria in cells and in vivo (9, 
23, 24). The mechanism by which Parkin 
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interacts with Pink1 and acts on mitochon-
dria has remained a mystery. Interestingly, 
a recent study on the topology of Pink1 
suggests that Pink1 may be anchored in 
the mitochondrial outer membrane, with 
its kinase domain facing toward the cyto-
plasm (25), providing one possible route 
for the Pink1/Parkin interaction.

Revisiting protein degradation  
in the cytosol
In this issue of the JCI, Xiong and colleagues 
report a possible mechanism by which Par-
kin, Pink1, and DJ-1 might function out-
side of mitochondria in mice (26). Previous 
work had suggested that Pink1 binds to DJ-
1 (27), DJ-1 binds to Parkin (28), and Pink1 
binds to Parkin (1, 29). Here, Xiong et al. 
extend these observations by showing that 
the 3 proteins co-fractionate in gel filtration 
assays and co-immunoprecipitation in vivo. 
These interactions were observed largely in 
the cytosol, rather than in the mitochon-
dria. Moreover, when Pink1 or DJ-1 are 
overexpressed or provided directly in vitro, 
ubiquitination and degradation of Parkin 
substrates (Synphilin-1 and Parkin itself) 
via the UPS pathway were enhanced, while 
levels of ubiquitinated Parkin decreased 
in Pink1-mutant brain slice culture. The 

authors also show that pathogenic mutants 
of Pink1 and Parkin impaired the activity 
of the Parkin/Pink1/DJ-1 (PPD) complex, 
providing a potential mechanistic basis 
for how mutations in these proteins lead 
to PD pathogenesis. Based on these obser-
vations, the authors propose that Pink1, 
Parkin, and DJ-1 form a novel, cytoplasmi-
cally localized E3 ligase complex (the PPD 
complex) in which Pink1 and DJ-1 modu-
late Parkin-dependent ubiquitination and 
subsequent degradation of substrates. The 
authors also suggest that the PPD complex 
promotes the degradation of unfolded pro-
teins. This conclusion is based largely on 
the observation that heat shock stress to 
cells in culture (which is presumed, though 
not shown, to cause misfolding of Parkin) 
resulted in increased ubiquitination and 
accumulation of Parkin, an effect that was 
suppressed when Pink1 was overexpressed. 
These results are intriguing, but heat shock 
is likely to alter the folding of many pro-
teins and to affect the activity of myriad sig-
naling pathways. Thus it is unclear whether 
the observed effects reflect direct interac-
tions between Pink1, Parkin, and unfolded 
substrates. It will be particularly interesting 
to follow the fate of specific proteins known 
to be misfolded, when added to otherwise 

unperturbed cellular systems in which lev-
els and activities of Pink1 and Parkin have 
been altered.

Possible connections between 
mitochondrial dysfunction  
and protein degradation?
How might the function of the PPD com-
plex be related to the established roles of 
Pink1 and Parkin in regulating mitochon-
drial integrity and function? It is possible 
that the roles of Pink1/Parkin in regulating 
mitochondrial function are related to the 
potential degradative functions of the PPD 
complex (Figure 1, A and B). DJ-1 can be 
recruited to the mitochondrial outer mem-
brane following oxidative stress (30). Upon 
mitochondrial uncoupling, overexpressed 
Parkin can also be selectively recruited onto 
impaired mitochondria, promoting their 
removal through autophagy (31). If the 
kinase domain of Pink1 does indeed face 
the cytoplasm (25), Parkin and DJ-1 might 
be recruited to the mitochondrial surface 
under certain conditions and may thereby 
interact with Pink1 at the mitochondrial 
outer membrane (Figure 1A). Perhaps this 
interaction facilitates the ubiquitin ligase 
activity of Parkin, thereby promoting the 
turnover of molecules that regulate mito-

Figure 1
Three models for the role of the PPD complex. In this issue of the JCI, Xiong et al. report that Pink1, Parkin, and DJ-1 bind to each other and form 
a PPD E3 ligase complex in which Pink1 and DJ-1 modulate Parkin-dependent ubiquitination and subsequent degradation of substrates via the 
proteasome (26). Previous work suggests that the Pink1/Parkin pathway regulates mitochondrial integrity and promotes mitochondrial fission 
in Drosophila (9–14). (A) Parkin and DJ-1 may be recruited to the mitochondrial outer membrane during stress (30, 31) and interact with Pink1. 
These interactions may facilitate the ligase activity of Parkin, thereby facilitating the turnover of molecules that regulate mitochondrial dynamics 
and mitophagy. The PPD complex may have other roles in the cytosol that result in degradative ubiquitination (26) and/or relay information from 
mitochondria to other cellular compartments. (B) Alternatively, Pink1 may be released from mitochondria after cleavage to interact with DJ-1 and 
Parkin in the cytosol. A and B differ in the site of action of the PPD complex and the cleavage status of Pink1. The complex forms on the mito-
chondrial outer membrane potentially containing full-length Pink1 in A, and in the cytosol with cleaved Pink1 in B. The question marks indicate 
speculative connections. Note that lack of DJ-1 function results in phenotypes that are distinct from the mitochondrial phenotypes observed in 
null mutants of Pink1 or Parkin in Drosophila (9, 10, 12, 13, 34). Thus, although the PPD complex is illustrated here as regulating mitochondrial 
fission, the role of DJ-1 in vivo remains to be clarified. (C) It is also possible that the action occurs in the cytosol and is independent of the func-
tion of Pink1/Parkin in regulating mitochondrial integrity and function.
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chondrial dynamics and mitophagy. A 
complication with this model, however, is 
that Xiong and colleagues report that while 
full-length Pink1 localized to mitochon-
dria, a processed fragment of Pink1 was 
found predominantly in the cytoplasm, 
with this latter fragment being the version 
of Pink1 that predominantly interacts with 
Parkin (26). Similar cytosolic Pink1 frag-
ments have been reported in earlier studies 
(32), suggesting a model in which Pink1 is 
cleaved and released from mitochondria 
under certain stress conditions. Cleaved 
forms of Pink1 may thus be able to inter-
act with Parkin in the cytosol and thereby 
promote degradative ubiquitination or 
other cellular processes (Figure 1B). Pink1-
dependent activities in the cytoplasm may 
still serve to regulate mitochondrial func-
tion, for example by relaying information 
about mitochondrial status to other cellu-
lar compartments. The fact that a PD-caus-
ing mutation in the PINK1 kinase domain, 
G309D, compromises both the PPD com-
plex function and mitochondrial integrity 
in Drosophila muscle and male germline 
(33) is consistent with the hypothesis that 
the PPD complex may regulate mitochon-
drial function. Alternatively, cytosolic 
Pink1 may carry out mitochondria-inde-
pendent functions, perhaps also in com-
plex with Parkin and DJ-1 (Figure 1C). It is 
important to note that loss of DJ-1 results 
in phenotypes that are distinct from the 
mitochondrial defects associated with loss 
of Pink1/Parkin in Drosophila (9, 10, 34). If 
DJ-1 is an obligatory component of this 
complex, these in vivo results would sug-
gest that the PPD complex is not essential 
for regulation of mitochondrial integrity. 
Future experiments are needed to clarify 
the role of DJ-1 function.

Summary
In summary, while the current study by 
Xiong et al. (26) rekindles enthusiasm for 
exploring the roles of Parkin in mediating 
protein degradation via the UPS, it remains 
to be shown whether Parkin, in complex 
with Pink1 and DJ-1, carries out protein 
degradation in vivo. It will be particularly 
important to reconcile the observation by 
the authors that the PPD complex degrades 
Synphilin-1, with the in vivo observations 
demonstrating that Synphilin-1 levels do 
not accumulate in knockout mice lacking 
Parkin (5). Perhaps the PPD complex only 
functions to regulate Synphilin-1 levels 
when cells are stressed, but not under the 
conditions assayed in the Parkin-knockout 

mice. The Xiong et al. study offers an entry 
point for explorations of the role of Pink1, 
Parkin, and DJ-1 in the cytoplasm. The pri-
ority now becomes identifying in vivo con-
texts in which this complex functions.
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Shock the heat shock network
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The targeting of tumors is made possible through establishing protein 
signatures specific for each cancer type. The recent recognition of the 
higher expression levels of HSP90 and its accumulation in tumor cell 
mitochondria has made the HSP90 network a feasible target for neu-
tralization. HSP90 antagonizes the mitochondrial permeability transi-
tion, blocking cytochrome c release and apoptosis. In this issue of the 
JCI, Kang et al. report the synthesis of Gamitrinibs, which target mito-
chondrially localized HSP90, specifically killing human cancer cell lines, 
and provide a fresh approach for cancer treatment (see the related article 
beginning on page 454).

The speed of accumulation of experimental 
data about normal as well as cancer cells has 
increased exponentially in the last several 
decades. Presently, our arsenal of knowledge 
is equipped with detailed information about 
cell proliferation, differentiation, and cell 
death induction pathways and the myriad of 
intricate interactions among them. Abnor-
malities in tumor suppressor genes and 
oncogenes have been correlated with disease 
states, and all of these tremendous advances 
have resulted in the heightened expectation 
that novel and better cancer therapies are 
clearly within reach. Yet, the most frequent-
ly applied treatment strategies continue to 
rely on “old school” therapies, combining 
surgery, chemotherapy, and/or radiothera-
py. Chemotherapy and radiotherapy target 
proliferating cells, which include the rap-
idly dividing tumor cells but do not exclude 
normally proliferating cells of the skin and 
gastrointestinal tract. The generally low 
efficiency of cures for advanced cancers, 
the severe side effects of current therapy 
regimens, and the risk of posttherapeutic 
relapse have all contributed to the current 
and ongoing rush to find novel alternative 
therapeutic approaches (1).

New generation of anticancer drugs
Ideally, 21st century, clever, anticancer 
drugs are expected to target tumor cells 

specifically and spare damage to normal 
tissues. Thus, the search for tumor-spe-
cific markers or signatures has become the 
major focus of genomics, proteomics, and 
systems biology studies (2). It has been eas-
ier to find the signatures of certain types of 
cancers; for example, the human ERBB2/
neu (HER2/neu) protein is overexpressed 
in 30% of breast cancer patients (3) and 
the identification of this marker has made 
possible the generation of a neutralizing 
HER2/neu monoclonal antibody (known 
as Herceptin or trastuzumab), currently 
used successfully in the clinic (4). Trastu-
zumab is a breakthrough in the fight 
against cancer and provides the impetus 
for other researchers in their studies.

Another molecular signature, the over-
expression of antiapoptotic BCL2 fam-
ily members in human leukemias (5, 6), 
melanoma (7), and hepatocellular carci-
noma (8), was used to generate a distinct 
class of molecular drugs. In this case, the 
BH3 domain of proapoptotic BCL2 fam-
ily members or synthetic drugs mimick-
ing the BH3 domain were used to neu-
tralize the apoptosis-blocking action of 
BCLXL, BCLW, and/or BCL2 (9, 10). The 
aim was to tip the balance of expression 
of antiapoptotic/proapoptotic BCL2 fam-
ily members in order to induce cell death. 
The most successful BH3 mimetic in 
phase III trials is ABT-737, which is cur-
rently used to treat primary chronic lym-
phocytic leukemia (11, 12).

The mechanism of action of the drugs 
discussed above is based on targeting sin-
gular protein products, and the success of 
these drugs is exceptional considering the 
many thousands of compounds that have 
been tested in clinical trials and have failed. 
Drug designers have now begun to focus 

on identifying drugs that target signaling 
pathways, rather than singular proteins. 
Yet, another aspect of pathway-oriented 
drug discovery concerns the compartmen-
tal distribution of the components of the 
pathway at hand. The targeting of nodal 
signaling proteins localized in specific 
subcellular organelles, without affecting 
the expression or activities of these pro-
teins in other cellular compartments, 
opens a new window for designing more 
effective anticancer drugs.

HSP90 network activity in tumor cell 
mitochondria
In this issue of the JCI, Kang et al. provide 
evidence of the successful utilization of 
a quite recently identified tumor signa-
ture, the mitochondrial accumulation of 
HSP90-network proteins, for apoptosis 
induction (13). Using Western blot analy-
sis, mitochondrial HSP90 was previously 
found to be constitutively expressed at 
high levels in cervical carcinoma (HeLa), 
breast cancer (MCF-7), colon cancer 
(HCT-116), and B cell lymphoma (Raji) 
cell lines, suggesting that HSP90 may be 
critically important for tumor cell growth 
and/or survival (14). The same group 
of investigators had already shown via 
immunohistochemistry that mitochon-
dria of tumor cells, but not most normal 
tissue samples, contain HSP90 and its 
related molecule TNF receptor–associ-
ated protein 1 (TRAP-1) (14). HSP90 and 
TRAP-1 were determined to interact with 
cyclophilin D (CYPD) and block its ability 
to cause mitochondrial outer membrane 
permeabilization, which is considered to 
be responsible for engaging the apoptotic 
cascade in numerous cell death pathways 
(Figure 1) (14, 15).

Normally, HSPs are upregulated upon 
establishment of stressful conditions, 
such as hyperthermia, oxidative damage, 
lack of nutrients, and others, and their 
main function is to serve as chaperones 
and catalyze the proper folding of cer-
tain client proteins (16). HSPs have been 
shown to regulate apoptosis signaling 
pathways at several steps. For example, 
HSP70 binds to the apoptosome compo-
nent APAF1 and negatively regulates the 
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