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Abstract Parkinson’s disease (PD) is characterized by a

progressive loss of dopaminergic neurons in the substantia

nigra. The cause of neuronal death in PD is largely

unknown, but several genetic loci, including PTEN-

induced putative kinase 1 (PINK1), have been linked to

early onset autosomal recessive forms of familial PD.

PINK1 encodes a serine/threonine kinase, which phos-

phorylates several substrates and consequently leads to cell

protection against apoptosis induced by various stresses. In

addition, research has shown that inflammation largely

contributes to the pathogenesis of PD, but the functional

link between PINK1 and PD-linked neuroinflammation

remains poorly understood. Therefore, in the present study,

we investigated the functional role of PINK1 in interleukin

(IL)-1b-mediated inflammatory signaling. We show that

PINK1 specifically binds to TRAF6 and TAK1, and

facilitates the autodimerization and autoubiquitination of

TRAF6. PINK1 also enhances the association between

TRAF6 and TAK1, phosphorylates TAK1, and stimulates

polyubiquitination of TAK1. Furthermore, PINK1 leads to

the potentiation of IL-1b-mediated NF-jB activity and

cytokine production. These findings suggest that PINK1

positively regulates two key molecules, TRAF6 and TAK1,

in the IL-1b-mediated signaling pathway, consequently up-

regulating their downstream inflammatory events.
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Abbreviations

DAPI 4, 6-Diamidino-2-phenylindole

DMEM Dulbecco’s modified Eagle’s medium

ECL Enhanced chemiluminescence

FBS Fetal bovine serum

HEK293 Human embryonic kidney 293

IKK IjB kinase

IL-1 Interleukin-1

IL-1R IL-1 receptor

IRAK1 IL-1R-associated kinase-1

LPS Lipopolysaccharide

MEFs Mouse embryonic fibroblasts

Myd88 Myeloid differentiation marker

NF-jB Nuclear factor-kappa B

NO Nitric oxide

PD Parkinson’s disease

PINK1 PTEN-induced putative kinase 1
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ROS Reactive oxygen species

TAK1 TGF-b activated kinase-1

TGF-b Transforming growth factor-b
TNF Tumor necrosis factor

TRAF6 TNF receptor-associated factor 6

GST Glutathion S-transferase

Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder

characterized by progressive degeneration and death of

dopaminergic neurons in the substantia nigra pars com-

pacta [1]. Pathological hallmarks of PD include the

presence of cytoplasmic inclusions known as Lewy bodies

[2]. Although the etiology of PD remains poorly under-

stood, several genetic loci have been implicated in the

pathogenesis of familial forms of PD. Among them, the

PTEN-induced putative kinase 1 (PINK1) gene encodes a

serine/threonine kinase [3, 4] that phosphorylates sub-

strates such as tumor necrosis factor (TNF) receptor-

associated protein 1, thereby leading to cell protection

against oxidative stress-induced apoptosis [5]. In cultured

cells, overexpression of PINK1 protects cells against

apoptotic stimuli [6, 7].

Inflammation is a complex biological response to

harmful stimuli, such as pathogens, damaged cells, or

irritants, and serves a protective role in the removal of these

injurious stimuli. Inflammatory events in the neural system

include microglial activation, astrogliosis, and lymphocytic

infiltration. Many stimuli trigger activation of the

transcription factor nuclear factor kappa B (NF-jB) both in

astrocytes and microglia [8], resulting in the production of

proinflammatory mediators including chemokines and

cytokines [9]. Although some tissue inflammation is

required for the repair of damaged tissue, an excessive

inflammatory response, especially in the central nervous

system, leads to significant cell death and consequent neural

degeneration. Similarly, several lines of evidence indicate

that inflammation is closely linked to the pathogenesis of

PD. For example, autopsy of brain tissue from PD patients

shows evidence of inflammation in the substantia nigra

[10, 11].

Interleukin-1 (IL-1) is one of the principal cytokines

responsible for inducing mediators that orchestrate various

immune and inflammatory responses by activating NF-jB

and activating protein 1 (AP-1) [12]. Interleukin-1 signal-

ing is initiated by the ligand-induced formation of a

receptor complex that consists of the IL-1 receptor (IL-1R)

and the IL-1R accessory protein. Subsequently, the cyto-

solic adaptor protein myeloid differentiation marker

(MyD88) is recruited to this complex [13]. MyD88, in turn,

recruits IL-1R-associated kinase-1 (IRAK1) and IRAK4 by

interacting with their death domains [14]. IRAK1 is pre-

sumably activated through phosphorylation by IRAK4 and

interacts with TNF receptor-associated factor 6 (TRAF6)

[15]. TRAF6 then moves from the membrane to the cyto-

sol, where it associates with transforming growth factor-b
(TGF-b)-activated kinase 1 (TAK1), a member of the

mitogen-activated protein kinase (MAPK) kinase kinase

(MAP3 K) family [16]. TRAF6 contains a RING domain

and functions as an ubiquitin E3 ligase that conjugates

Lys63-linked polyubiquitin chains to TRAF6 itself and to

IRAK1. IRAK1 then facilitates the dimerization of TRAF6.

In this active form, TAK1 is fully activated by polyubiq-

uitinated TRAF6. This triggers the autophosphorylation of

TAK1, which subsequently phosphorylates regulatory

kinases in different downstream signaling pathways [17]

and finally activates NF-jB to produce inflammatory

cytokines [18, 19].

Despite intensive research, the functional relationship

between PD-linked genes and the inflammatory response is

poorly understood. Here, we examined the putative regu-

latory role of PINK1 in the IL-1b-mediated inflammatory

signaling pathway. We demonstrate that PINK1 physically

interacts with TRAF6 and TAK1 in cultured cells. PINK1

also promotes the autodimerization and autoubiquitination

of TRAF6, and the polyubiquitination and phosphorylation

of TAK1. As a result, PINK1 stimulates the transcriptional

activity of NF-jB, resulting in further cytokine production

upon IL-1b stimulation. These findings point to a new

mechanism for regulating TRAF6 and TAK1 activation

during inflammatory signaling events.

Materials and methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM), fetal

bovine serum (FBS), fetal calf serum (FCS), and Lipo-

fectAMINE PLUS reagent were purchased from Invitrogen

(Carlsbad, CA, USA). Protein A-Sepharose was obtained

from GE Healthcare Biosciences (Piscataway, NJ, USA).

Anti-PINK1 antibody was purchased from Abgent (San

Diego, CA, USA), and anti-HA, anti-c-Myc, anti-TAK1,

anti-TRAF6, anti-actin and anti-ubiquitin antibodies were

purchased from Santa Cruz Biotechnology (Santa Cruz,

CA, USA). Secondary goat anti-IgG and horseradish per-

oxidase-conjugated anti-rabbit and anti-mouse IgGs were

purchased from Life Technologies (Grand Island, NY,

USA), and anti-phospho-threonine IgG, anti-Flag antise-

rum, and recombinant human IL-1b were obtained from

Sigma (St. Louis, MO, USA). Recombinant human IL-1

receptor antagonist (IL-1ra) was purchased from R&D
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Systems (Minneapolis, MN, USA) and enhanced chemi-

luminescence (ECL) reagent was purchased from Perkin-

Elmer Life and Analytical Sciences (Waltham, MA, USA).

Lys63-specific anti-ubiquitin antibody was obtained from

Millipore (Temecula, CA, USA). All other chemicals used

in the study were commercial products of analytical grade

purchased from Sigma.

The mammalian construct encoding Myc-tagged wild-

type hPINK1 (pBOS-3X-myc-hPINK1-WT) was a gift from

J. Chung (Seoul National University, Seoul, Korea). Plasmid

encoding Myc-tagged kinase-deficient hPINK1 mutant

having two point mutations at K219A and D362A (pBOS-

3X-myc-hPINK1-KD) was generated by the Qui-

kChangeXL site-directed mutagenesis kit (Stratagene, La

Jolla, CA, USA), according to the manufacturer’s protocol.

PCR was performed using the following primers (the

mutated codon is underlined in each primer): K219A for-

ward primer, 50-CCCTTGGCCATCGCGATGATGTGG

AAC-30; K219A reverse primer, 50-GTTCCACATCAT

CGCGATGGCCAAGGG-30; D362A forward primer,

50-ATCGCGCACAGAGCCCTGAAATCCGAC-30; D362A

reverse primer, 50-GTCGGATTTCAGGGCTCTGTGCGC

GAT-30. Plasmids encoding Flag-TAK1 and Flag-TRAF6

were kindly provided by G. Takaesu (Keio University, Tokyo,

Japan). Plasmid encoding GST-fused TAK1 was generated by

subcloning TAK1 from pCMV-Flag-TAK1 into pGEX4T-1

vector using EcoRI and XhoI sites.

Cell culture and DNA transfection

PINK1-null (PINK1-/-) and control (PINK1?/?)

mouse embryonic fibroblasts (MEFs) were provided by

J. Shen (Harvard Medical School, Boston, USA), and 293

IL-1RI cells stably expressing type 1 IL-1 receptor were

a kind gift from G. Takaesu (Keio University, Tokyo,

Japan). Human embryonic kidney cells (HEK293) and

PINK1-/- and ?/? MEFs were cultured in DMEM

containing 10 % FBS, 100 Units/ml penicillin, and

100 lg/ml streptomycin at 37 �C in 5 % CO2. 293 IL-

1RI cells were cultured in DMEM containing 10 % FCS,

100 Units/ml penicillin, and 100 lg/ml streptomycin at

37 �C in 5 % CO2. DNA transfection was performed

using the LipofectAMINE PLUS reagent, according to

the manufacturer’s protocol. The total amount of DNA

transfected in each individual sample was adjusted using

parental empty vector DNA.

DNA transfection and RNA interference

The siRNAs corresponding to human PINK1 against the

following human PINK1 mRNA sequence, 50-GAAAUC

CGACAACAUCCUUUU-30, and the negative control

(NT-siRNA) with no known mammalian homology (si-

CONTROL Non-Targeting siRNA #1), were purchased from

Bioneer (Seoul, Korea). siRNA transfection into 293 IL-1RI

cells was performed using LipofectAMINE 2000 (Invitro-

gen), according to the manufacturer’s protocol.

Immunoprecipitation and western blot analysis

Cells were rinsed twice with ice-cold phosphate-buffered

saline (PBS), harvested in 1 % Nonidet P40 lysis buffer

(50 mM Tris, pH 7.5, 1 % Nonidet P-40, 150 mM NaCl,

10 % glycerol, 1 mM Na3VO4, 1 lg/ml leupeptin, 1 lg/ml

aprotinin, 1 mM EGTA, 1 mM EDTA, 10 mM NaF, and

0.2 mM phenylmethylsulfonyl fluoride), and briefly soni-

cated. Lysates were collected by centrifugation at

13,000 9 g for 20 min at 4 �C. For immunoprecipitation,

1 lg of the appropriate antibody was incubated overnight

at 4 �C with 0.5–1 mg of cell extracts prepared in cell lysis

buffer. Thirty microliters of a 1:1 suspension of Protein

A-Sepharose beads were added and incubated for 2 h at 4 �C

with gentle rotation. Beads were pelleted by centrifugation

at 10,000 9 g for 30 s at 4 �C, and washed three times

with 1 % Nonidet P40 lysis buffer. Immunocomplexes

were dissociated by boiling in SDS-PAGE sample buffer,

separated on an SDS-PAGE gel, and transferred to a

nitrocellulose membrane. Membranes were then blocked in

TBST buffer (20 mM Tris, pH 7.5, 137 mM NaCl, and

0.1 % Tween 20) containing 5 % nonfat dry milk for 1 h at

room temperature, and incubated overnight at 4 �C in

TBST buffer containing 3 % nonfat dry milk and the

appropriate primary antibody. Membranes were washed

three times in TBST and then incubated with the appro-

priate secondary IgG-coupled horseradish peroxidase

antibody for 1 h at room temperature. The membranes

were then washed three times with TBST, and signals were

visualized with ECL reagent.

Immunocytochemistry

After DNA transfection, cells were washed twice with ice-

cold PBS (pH 7.4), fixed with 3.7 % formaldehyde in PBS

for 15 min, permeabilized with 0.2 % Triton X-100 for

20 min, blocked with 1 % bovine serum albumin for

30 min, and incubated overnight at 4 �C with the appro-

priate primary antibody. After washing with PBS, cells

were incubated with FITC-, or TRITC-conjugated sec-

ondary antibody for 2 h. Where specified, the samples were

stained with 4, 6-diamidino-2-phenylindole (DAPI) using

the SlowFade Antifade kit (Invitrogen). Fixed cells were

visualized using a LSM-510 META confocal microscope

(Carl Zeiss, Göttingen, Germany).
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In vitro PINK1 kinase assay

Two hundred and ninety three IL-1RI cells were transfec-

ted with Myc-tagged hPINK1-WT or hPINK1-KD mutant

for 48 h. Cells were lysed in 1 % Nonidet P40 lysis buffer

and lysates were immunoprecipitated with anti-Myc anti-

body overnight at 4 �C. The anti-Myc immunocomplexes

were then incubated with 2 lg of bacterially expressed

GST-TAK1, 6 mM ATP, and phosphatase inhibitors in the

kinase reaction buffer (50 mM Tris–HCl, 10 mM MgCl2,

5 mM DTT) to a final volume 50 ll for 2 h at 30 �C, and

the reaction products were analyzed by immunoblotting

with anti-phospho-threonine antibody.

Luciferase reporter assay

HEK293, 293 IL-1RI, and PINK1?/? and -/- MEF cells

were grown in six-well plates at a density of 3 9 105 cells

per well for 24 h. NF-jB-dependent firefly luciferase

reporter and effector plasmids were co-transfected into the

cells along with the Renilla luciferase plasmid. Forty-eight

hours after transfection, cells were harvested in passive

lysis buffer (Promega, Madison, WI, USA), and luciferase

assays were performed using the Dual-Luciferase Reporter

Assay System (Promega). The relative luciferase activity

was calculated by dividing firefly luciferase activity by

Renilla luciferase activity. Data represented three inde-

pendent experiments performed in triplicate.

Enzyme-linked immunosorbent assay

After cells were cultured for the indicated times under the

specified conditions, the amount of secreted IL-8 protein in

the media was determined using a commercially available

enzyme-linked immunosorbent assay (ELISA) kit (Bio-

source International, Camarillo, CA, USA), according to

the manufacturer’s instruction.

Real-time PCR analysis for IL-8 mRNA expression

Total RNA was converted into cDNA using a random

hexamer and viral reverse transcriptase (Promega). The

cDNA was incubated with SYBR Green Real-time PCR

master mix (Toyobo Co. Ltd., Osaka. Japan) that contained

10 pg/ml of the forward and reverse primers, and amplified

using the Light-Cycler PCR system (Roche Applied Sci-

ence, Indianapolis, IN, USA). Human specific primers were

used to amplify IL-8 (forward, 50-ATGACTTCCAAG

CTGGCCGTGGCT-30) and b-actin (50-ACCAACTGGGA

CGACATGGAG-30). These primers yielded a 297-bp

product for IL-8 and a 349-bp PCR product for b-actin,

which served as an internal control.

Statistical analysis

Statistical differences were determined using a one-way

ANOVA with Tukey’s post test. All values were expressed

as mean ± standard deviation (SD).

Results

PINK1 interacts with TRAF6 and TAK1 in mammalian

cells

To examine the functional role of PINK1, we performed a

yeast two-hybrid assay with full-length PINK1 as bait. After

screening 5 9 106 human fetal brain cDNA library clones, a

number of unknown as well as previously reported PINK1-

binding partners were identified, including parkin [20],

TRAF6, and TAK1 (data not shown). TRAF6 is an upstream

adaptor molecule of the IL-1R complex, and functions as a

ubiquitin E3 ligase responsible for downstream ubiquitina-

tion of TAK1 and activation in IL-1b-induced inflammatory

signaling. In addition, TAK1, a member of the MAP3 K

family and a downstream component of TRAF6 signaling,

plays an essential role in the activation of JNK, p38, and IjB

kinase (IKK) during IL-1b- and TNFa-mediated signaling

[21]. We further explored the interactions of PINK1 with

TRAF6 and TAK1, and their functional consequences,

focusing on the regulation of the IL-1b-mediated inflam-

matory signaling pathway. First, we used a co-

immunoprecipitation assay to test whether PINK1 binds to

TRAF6 in mammalian cells. After HEK293 cells were

transfected with Myc-tagged PINK1 and V5-tagged TRAF6,

immunoprecipitation of cell lysates was performed using

anti-Myc antibody, followed by immunoblot analysis with

anti-V5 antibody. As shown in Fig. 1a, transiently trans-

fected PINK1 selectively bound to TRAF6 in HEK293 cells.

In addition, PINK1 appeared in two bands (Fig. 1a), con-

sistent with the results of previous reports [3, 4]. To

determine whether endogenous PINK1 binds to endogenous

TRAF6, immunoprecipitation of HEK293 cell lysates was

performed with anti-PINK1 IgG, followed by immunoblot

analysis with anti-TRAF6 antibody. As shown Fig. 1b,

endogenous PINK1 interacted with endogenous TRAF6,

whereas no obvious interaction band was found in anti-

immunocomplex samples prepared with preimmune IgG as a

control (Fig. 1b). This result suggests that the specific

interaction between PINK1 and TRAF6 is not an artifact of

DNA transfection but a true interaction in the mammalian

system. Moreover, immunocytochemical analysis revealed

that endogenous PINK1 co-localizes with endogenous

TRAF6, mainly in the cytoplasmic region of HEK293 cells

(Fig. 1c).
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Next, we checked whether PINK1 binds to TAK1 in

mammalian cells using the same co-immunoprecipitation/

immunoblot assays. After HEK293 cells were transiently

transfected with Myc-PINK1 and Flag-TAK1, anti-Myc

immunoprecipitates from cell lysates were subjected to

immunoblotting with anti-Flag antibodies. As shown Fig. 1d,

transiently overexpressed PINK1 bound selectively to TAK1

in HEK293 cells. In a similar experiment, we assessed whe-

ther endogenous PINK1 interacts with endogenous TAK1 in

mammalian cells. Immunoblot analysis of anti-TAK1

immunocomplexes with anti-PINK1 IgG revealed that

endogenous PINK1 bound to endogenous TAK1 in HEK293

cells (Fig. 1e). This specific interaction was not detected

when the immunoprecipitation was performed with non-

specific IgG. Finally, immunocytochemical analysis showed

that endogenous PINK1 co-localizes with endogenous TAK1

mainly in the cytoplasm of HEK293 cells (Fig. 1f).

Together, these results suggest that PINK1 specifically

binds to TRAF6 and TAK1 in mammalian cells.

Interactions between PINK1 and TRAF6/TAK1

increase upon IL-1b stimulation

We next explored whether the interaction between PINK1

and TRAF6 changes with IL-1b stimulation. We used

293 IL-1RI cells stably expressing type I IL-1b receptor

[22], which consequently show a much higher response to

IL-1b stimulation. After co-transfection with Myc-PINK1

and V5-TRAF6, 293 IL-1RI cells were treated with IL-1b.

Immunoblot analysis of anti-Myc immunocomplexes with

anti-V5 antibodies revealed that stimulation with IL-1b
induced the association of PINK1 with TRAF6 (Fig. 2a). In

addition, the formation of this complex steadily increased

for 30 min after IL-1b stimulation and disappeared there-

after (Fig. 2a), suggesting that PINK1 affects the function

of TRAF6 through the transient formation of a PINK1-

TRAF6 complex in IL-1-induced downstream signaling.

We next investigated whether the association between

PINK1 and TAK1 is affected by stimulation with IL-1b. After

cells were transfected with Myc-PINK1 and Flag-TAK1 and

stimulated with IL-1b in the same way, immunoblotting of

anti-Myc immunocomplexes with anti-Flag antibody showed

that PINK1 bound to TAK1 in the absence of the IL-1b
stimulus in 293 IL-1RI cells (Fig. 2b). Moreover, addition of

IL-1b caused an increase in this interaction, which reached a

maximum at 10 min and decreased thereafter until 60 min

post-stimulation (Fig. 2b).

Together, these results suggest that the binding of

PINK1 to TRAF6 and TAK1 increases substantially upon

stimulation with IL-1b.

Fig. 1 PINK1 interacts with TRAF6 and TAK1 in mammalian

HEK293 cells. a HEK293 cells were transfected with plasmids encoding

Myc-tagged PINK1 and/or V5-tagged TRAF6 for 48 h. Immunopre-

cipitation (IP) of cell lysates was performed with anti-Myc antibody, and

immunoblotted with anti-V5 antibody, as indicated. The proper

expression of transiently transfected proteins was identified by immu-

noblotting with the indicated antibodies. An asterisk indicates IgG heavy

chains. Equal loading of the samples was confirmed by immunoblotting

with anti-actin antibody. b Where indicated, the immunoprecipitation of

HEK293 cell lysates was performed with anti-PINK1 antibody,

followed by immunoblotting with anti-TRAF6 antibodies. As a control,

cell lysates were immunoprecipitated with preimmune IgG (IgG). The

expression of PINK1 and TRAF6 in cell extracts was determined by

immunoblotting with anti-PINK1 or anti-TRAF6 antibodies. c HEK293

cells were fixed, permeabilized, and labeled with anti-PINK1or anti-

TRAF6 antibodies for 24 h. Cells were then stained with TRITC-

conjugated and FITC-conjugated secondary antibodies and DAPI.

Immunostained preparations were examined with a confocal micro-

scope. Scale bar 20 lm. d Identification of specific binding between

Myc-PINK1 and Flag-TAK1 in HEK293 cells. e Where indicated,

immunoprecipitation of HEK293 cell lysates was performed with anti-

TAK1 antibody, followed by immunoblot analysis with anti-PINK1

IgG. f Co-localization of PINK1 and TAK1 in HEK293 cells. Scale bar
20 lm
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Autodimerization of TRAF6 is up-regulated by

overexpression of PINK1

Autodimerization of TRAF6 is known to lead to Lys63-

dependent auto-polyubiquitination following IL-1R

engagement, suggesting that the ubiquitin ligase activity of

TRAF6 is activated by dimerization and/or oligomerization

[23, 24]. To test whether PINK1 also promotes autodi-

merization of TRAF6, 293 IL-1RI cells were transfected

with FLAG-tagged and/or V5-tagged TRAF6 in the

absence or presence of PINK1 and then stimulated with

IL-1b. Immunoblot analysis of anti-FLAG immunocom-

plexes with anti-V5 antibodies revealed that TRAF6

autodimerizes weakly in the absence of PINK1 (Fig. 3a).

However, overexpression of PINK1 led to the potentiation

of TRAF6 autodimerization in 293 IL-1RI cells upon IL-

1b treatment (Fig. 3a).

Next, we investigated whether dimerization of TRAF6

depends on the kinase activity of PINK1 with IL-1b
treatment. Either Myc-tagged wild-type PINK1 or its

dominant negative mutant was introduced into 293 IL-1RI

cells along with FLAG- and V5-tagged TRAF6, and

immunoprecipitation of cell lysates was performed with

anti-V5-antibodies. Immunoblot analysis with anti-Flag

antiserum revealed that TRAF6 autodimerization increased

by 2.6-fold in the presence of wild-type PINK1 (Fig. 3b),

but no such increase occurred in the presence of the

dominant negative PINK1 mutant. These results suggest

that PINK1 positively regulates TRAF6 autodimerization,

which appears to be dependent upon the kinase activity of

PINK1.

PINK1 stimulates autoubiquitination of TRAF6

Considering the importance of TRAF6 ubiquitination in

IL-1 signaling [23], we examined whether PINK1 can also

provoke the polyubiquitination of TRAF6 after enhancing

its autodimerization. We co-transfected HEK293 cells with

V5-TRAF6 and HA-ubiquitin, with or without Myc-

PINK1, and compared the ubiquitination patterns of

TRAF6 in the absence or presence of PINK1. As shown in

Fig. 4a, an in vivo ubiquitination assay of cell lysates

revealed that the presence of PINK1 caused a significant

increase in TRAF6 ubiquitination. The positive effect of

PINK1 on TRAF6 polyubiquitination was shown to be

dose-dependent (Fig. 4b). Moreover, wild-type PINK1

promoted TRAF6 ubiquitination, but the kinase-deficient

PINK1 mutant did not (Fig. 4c). These results suggest that

PINK1 stimulates the autoubiquitination of TRAF6.

We then examined whether the PINK1-induced increase

in Lys63-dependent autoubiquitination of TRAF6 actually

occurs under physiological conditions by comparing the

extent of IL-1b-stimulated ubiquitination of TRAF6 in

PINK1-/- and PINK1?/? MEFs. After PINK1-/- and

?/? MEFs were transiently transfected with V5-TRAF6,

immunoprecipitation of cell lysates was performed with

anti-V5 antibodies, followed by immunoblotting with anti-

Lys63-specific ubiquitin antibodies. As shown in Fig. 4d,

TRAF6 ubiquitination increased slightly after 10 min of

IL-1b stimulation in PINK1-/- MEFs and decreased

thereafter (Fig. 4d). By contrast, TRAF6 autoubiquitina-

tion increased significantly in PINK1 ?/? MEFs with

IL-1b stimulus, and this increase was sustained for 30 min

Fig. 2 The association of PINK1 with TRAF6 and TAK1 is

increased upon IL-1b stimulation. a, b 293 IL-1RI cells were co-

transfected with Myc-PINK1 and either V5-TRAF6 (a) or Flag-TAK1

(b) for 42 h and treated with 10 ng/ml IL-1b for the indicated times.

Cell lysates were subjected to immunoprecipitation (IP) with anti-

Myc (a) or anti-Flag (b), followed by immunoblotting with anti-V5

(a) or anti-Myc IgGs (b), as indicated. An asterisk indicates IgG

heavy chains and actin served as a loading control
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after IL-1b stimulation. Together, these results show that

PINK1 promotes TRAF6 activity by facilitating the auto-

dimerization and Lys63-dependent autoubiquitination of

TRAF6 in PINK1-/- and PINK1 ?/? MEFs as well as in

HEK293 and 293 IL-1RI cells.

PINK1 enhances formation of the TRAF6–TAK1

complex

Lys63-linked polyubiquitination of IRAK1 and TRAF6

facilitates recruitment of the TAK1 and IKK complexes

[24]. TAK1 then becomes a ubiquitination target of TRAF6

with help from the E2 enzyme Ubc13-Uev1A. In addition,

IL-1b treatment induces recruitment of endogenous TAK1

to the TRAF6 complex, a crucial step for the activation

of TAK1 catalytic activity, and subsequently stimulates

NF-jB and MAPK activation. These previous findings led

us to investigate whether PINK1 affects the formation of

the TAK1–TRAF6 complex upon IL-1b stimulation. We

transiently transfected 293 IL-1RI cells with V5-TRAF6

and Flag-TAK1, alone or together with Myc-PINK1, and

treated them with IL-1b. Immunoblot analysis of anti-Flag

immunocomplexes with anti-V5 antibodies revealed

that the TRAF6-TAK1 complex forms in the absence of the

IL-1b stimulus (Fig. 5a). We also found that, whereas IL-

1b increases the extent of TRAF6–TAK1 interaction,

PINK1 expression enhances the formation of this complex

to much higher levels than those seen in the control cells,

and maintains this complex more stably following an IL-1b
stimulus (Fig. 5a). Furthermore, the association of TRAF6

with TAK1 peaked at 10 min in the absence of PINK1 and

persisted 30 min after stimulation, whereas in the presence

of PINK1, the complex was stably maintained for up to

60 min after IL-1b stimulation (Fig. 5a).

To understand whether PINK1 actually stimulates the

binding of endogenous TRAF6 to endogenous TAK1, we

compared the pattern of the formation and levels of the

protein complex in response to IL-1b stimulation in

PINK1-/- and PINK1 ?/? MEFs. The two MEF types

were treated with 50 ng/ml IL-1b, and immunoprecipita-

tion of cell lysates with anti-TAK1 antibodies was

performed. Immunoblotting of the complex with anti-

TRAF6 antibodies revealed that the association occurs

even in the absence of IL-1b stimulation (Fig. 5b). In

addition, endogenous TRAF6 bound more strongly to

endogenous TAK1 at 10 min after IL-1b stimulation in

PINK1 ?/? MEFs than in PINK1-/- MEFs (Fig. 5b).

Together, these results suggest that PINK1 facilitates the

Fig. 3 PINK1 increases TRAF6 autodimerization. a 293 IL-1RI cells

were transfected with Flag-TRAF6, V5-TRAF6 s, or Myc-PINK1,

either alone or in combination, for 42 h, and treated with 10 ng/ml

IL-1b for the indicated times. Immunoprecipitation of cell lysates was

performed with anti-FLAG antibody, and the immunocomplexes were

immunoanalyzed with anti-V5 antibody. Equal loading of samples

was confirmed with an anti-actin antibody. The relative binding

affinities of samples were quantified, and are denoted below the upper

panel. b 293 IL-1RI cells were co-transfected with Flag-TRAF6 and

V5-TRAF6 alone or together with either Myc-tagged wild-type

PINK1 (WT) or its kinase-deficient mutant (KD) for 42 h, and treated

with 10 ng/ml IL-1b for 15 min. Cell extracts were immunoprecip-

itated with anti-V5 antibody, and the immunocomplexes were

analyzed by immunoblotting with anti-Flag antibody. The asterisk
indicates IgG heavy chains (a, b)
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Fig. 4 PINK1 increases TRAF6 autoubiquitination. a HEK293 cells

were transfected with HA-ubiquitin, Flag-TRAF6, or Myc-PINK1,

either alone in combination, for 48 h, as indicated. Cell lysates were

immunoprecipitated with anti-Flag antibody, followed by immuno-

blotting with an anti-HA antibody. The proper expression of

transiently transfected proteins was confirmed by immunoblotting

with anti-HA, anti-Flag, or anti-Myc antibodies. The asterisk
indicates IgG heavy chains, and actin served as a loading control.

b HEK293 cells were co-transfected with HA-ubiquitin or Flag-

TRAF6 alone, and together with increasing amounts of Myc-PINK1

for 48 h. Immunoprecipitation of cell lysates was performed with an

anti-Flag antibody, followed by immunoblot analysis with an anti-HA

antibody. c HEK293 cells were transfected with either HA-ubiquitin

or Flag-TRAF6, either alone or in combination with Myc-tagged

wild-type PINK1 (WT) or its kinase-defective mutant (KD), for 48 h.

Cell lysates were immunoprecipitated with anti-Flag antibody, and

subjected to immunoblotting with anti-HA antibody. d Either

PINK1-/- or ?/? MEFs were transfected with V5-TRAF6 for

42 h, and treated with 50 ng/ml IL-1b for the indicated times. Cell

lysates were immunoprecipitated (IP) with anti-V5 antibody, and

immunoblotted with anti-Lys63-specific ubiquitin antibody, as

indicated

Fig. 5 PINK1 enhances formation of the TRAF6-TAK1 complex.

a 293 IL-1RI cells were transfected with FLAG-TAK1, V5-TRAF6,

Myc-PINK1, either alone or in combination, for 42 h, and treated

with 10 ng/ml of IL-1b for the indicated times. Cell lysates were

immunoprecipitated with anti-FLAG antibody, and the immunocom-

plexes were analyzed by immunoblotting with anti-V5 antibodies.

The relative levels of complex were quantified and are denoted below

the upper panel. b Either PINK1-/- or ?/? MEFs were treated with

50 ng/ml IL-1b for the indicated times. Cell lysates were immuno-

precipitated with anti-TAK1 antibody, and immunoblotted with anti-

TRAF6 antibody. An asterisk indicates IgG heavy chains. Equal

sample loading was confirmed by immunoblotting with anti-actin

antibody
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interaction of TRAF6 and TAK1, which may consequently

promote IL-1b-mediated downstream signaling.

PINK1 facilitates polyubiquitination of TAK1

Several groups have recently shown that Lys63-linked

polyubiquitination of TAK1 is required for proper TNFa,

IL-1b, and TGF-b signaling [25, 26]. The polyubiquitina-

tion of TAK1 at Lys-34, catalyzed by TRAF6, activates

TAK1 kinase activity. However, it remains unclear whe-

ther TAK1 is ubiquitinated in response to physiological

stimuli that activate NF-jB, and if so, the functional role of

TAK1 ubiquitination during cytokine-induced inflamma-

tory signaling is unknown. To address this question, we

first examined whether PINK1 facilitates TAK1 poly-

ubiquitination. After HEK293 cells were transfected with

Myc-PINK1, Flag-TAK1, V5-TRAF6, or HA-ubiquitin

alone or in combination, cell lysates were immunoprecip-

itated with anti-Flag IgG, and the immunocomplexes were

analyzed by immunoblotting with an antibody against HA

tag. As reported previously, TRAF6 overexpression caused

an increase in TAK1 polyubiquitination (Fig. 6a). In

addition, PINK1 caused the up-regulation of TAK1 poly-

ubiquitination. Moreover, the addition of both TRAF6 and

PINK1 dramatically enhanced TAK1 polyubiquitination

more than transfection with either of these molecules alone

(Fig. 6a). This marked effect on TAK1 polyubiquitination

was not observed with the kinase-defective PINK1 mutant

(Fig. 6b).

We then addressed whether PINK1 can facilitate Lys63-

linked polyubiquitin-conjugation to endogenous TAK1 in

response to a physiological stimulus. When PINK1 ?/?

MEFs were treated with IL-1b, there was an increase of

Lys63-dependent polyubiquitination of TAK1, reaching its

maximum at 30 min of post-stimulation. However, TAK1

polyubiquitination was severely reduced without a peak in

PINK1-/- MEFs treated with IL-1b (Fig. 6c). These data

suggest that PINK1 regulates TAK1 by enhancing its

kinase activity in IL-1b signaling.

PINK1 potentiates TAK1 autophosphorylation

We next investigated the effect of PINK1 overexpression

on basal and IL-1b-induced TAK1 activity. 293 IL-1RI

cells were mock-transfected or transfected with Myc-tag-

ged PINK1 and then treated with IL-1b. Consistent with

previous reports that TAK1 activity is closely associated

with the phosphorylation status at Thr187 [27, 28],

Fig. 6 PINK1 facilitates TAK1 polyubiquitination. a Where speci-

fied, HEK293 cells were transfected with HA-ubiquitin, Flag-TAK1,

V5-RAF6, or Myc-PINK1, either alone or in combination, for 48 h.

Cell lysates were immunoprecipitated with anti-Flag antiserum,

followed by immunoblotting with anti-HA antibody. The proper

expression of transfected proteins in each cell lysate was confirmed

by immunoblot analysis with the indicated antibodies. Asterisk and

closed circle indicate IgG heavy chain and non-specific bands,

respectively, and actin served as a loading control. b HEK293 cells

were co-transfected with HA-ubiquitin plus Flag-TAK1, either alone

or together with Myc-tagged wild-type PINK1 (WT) or its dominant-

negative mutant (KD), for 48 h. Anti-Flag immunoprecipitates and

cell lysates were analyzed by immunoblotting with anti-HA antibody.

c PINK1-/- or ?/? MEFs were treated with 50 ng/ml IL-1b for the

indicated times. Cell lysates were immunoprecipitated with anti-

TAK1 antibody, and immunoblotted with anti-Lys63-specific ubiq-

uitin antibody
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immunoblot analysis with phospho-specific TAK1

(Thr187) antibodies revealed no significant activation of

TAK1 in the absence of IL-1b. The addition of IL-1b led to

a remarkable induction of TAK1 activity in 293 IL-1RI

cells, which reached a maximum after 30 min of stimula-

tion. Importantly, PINK1 overexpression enhanced

baseline TAK1 activity and potentiated the extent of IL-1b-

induced TAK1 activity by 3.6-fold (Fig. 7a). Next, we

sought to determine the physiological significance of

PINK1 in the regulation of TAK1 activity using PINK1-

specific RNAi. In control cells, PINK1-siRNA efficiently

reduced PINK1 protein levels (Fig. 7b). Following IL-1b
stimulation, immunoblot analysis with phospho-TAK1

antiserum revealed increased and sustained TAK1 activity

for up to 30 min in control cells treated with non-targeting

siRNA (Fig. 7b). However, TAK1 activity was signifi-

cantly diminished and only transiently maintained in

PINK1-siRNA-treated cells (Fig. 7b). In addition to the

knock-down effect of PINK1, we further validated, using

PINK1-/- and ?/? MEFs, whether TAK1 phosphoryla-

tion is affected by endogenous PINK1. Immunoblot

analysis of two cell lysates demonstrated that TAK1

phosphorylation was increased significantly in PINK1 ?/?

MEFs compared to PINK1-/- MEFs (Fig. 7c).

In addition to TAK1, we determined whether PINK1

stimulates the phosphorylation of TRAF6 in response to

IL-1b. After 293 IL-1RI cells were transfected with V5-

TRAF6, Myc-hPINK1-WT or Myc-hPINK1-KD alone or

in combination for 42 h followed by treatment with IL-1b
for 15 min, cell lysates were immunoprecipitated with anti-

V5 (Supple. S1). Immunoblotting of the complexes with

anti-phospho-threonine antibody showed that there was no

significant TRAF6 band corresponding to the size of its

phosphorylated form (Supple. S1). These data suggest that

PINK1 has no effect on TRAF6 phosphorylation.

Overall, these data suggest that PINK1 is critical for

TAK1 activation via the up-regulation of TAK1

phosphorylation.

PINK1 directly phosphorylates TAK1 in vitro

We next investigated whether the kinase activity of PINK1

is required for the positive regulation of TRAF6 and

TAK1. We firstly checked whether hPINK1-KD is still

able to associate with TRAF6 or TAK1 under IL-1b
treatment. After cells were transfected with Flag-TRAF6

alone or together with either Myc-hPINK1-WT or Myc-

hPINK1-KD mutant, immunoblot analysis of anti-Flag

immunocomplexes with anti-Myc antiserum revealed that,

compared to wild-type PINK1, kinase-defective PINK1

mutant still binds to TRAF6 and TAK1 to a similar extent

(Suppl. S2a and S2b).

Based on the finding that PINK1 stimulates the phos-

phorylation of TAK1 (Fig 7a), but not TRAF6 (Suppl. 1),

we further examined whether PINK1 directly phosphory-

lates TAK1 using in vitro kinase assay. After cells were

transfected with Myc-hPINK1-WT or Myc-hPINK1-KD

followed by IL-1b treatment, anti-Myc-PINK1 immuno-

complexes were incubated with bacterially recombinant

TAK1 fused with GST. Immunoblotting of reaction mix-

tures with anti-phospho-threonine antiserum revealed that

there is a clear band corresponding to the size of

Fig. 7 PINK1 enhances TAK1 autophosphorylation. a 293 IL-1RI

cells were either mock-transfected or transfected with Myc-PINK1 for

42 h and treated with 10 ng/ml IL-1b for the indicated times. Cell

lysates were then immunoblotted with anti-TAK1 or anti-phospho-

TAK1-T187 antibodies. Actin served as a loading control. The

relative level of phopho-TAK1 was quantified and is denoted below

the upper panel. b 293 IL-1RI cells were transfected with either

scramble control siRNA, or siRNA against PINK1, for 42 h and then

treated with 10 ng/ml IL-1b for the indicated times. c PINK1-/- or

?/? MEFs were treated with 50 ng/ml IL-1b for the indicated times.

The levels of unphosphorylated TAK1 and TAK1 phosphorylated at

Thr187 were determined by immunoblotting with anti-TAK1 or anti-

phospho-TAK1 antibodies
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phosphorylated GST-TAK1 in the presence of wild-type

PINK1 (Fig. 8). As a control, this phospho-TAK1 band

was completely abolished in the presence of kinase-

defective PINK1 mutant (Fig. 8), suggesting that PINK1

directly phosphorylates TAK1. Taken together, these data

suggest that PINK1 exert its positive effect on the regula-

tion of TAK1 activity through the direct phosphorylation of

TAK1.

PINK1 potentiates NF-jB activation and IL-8

production in response to IL-1b

Based on the finding that TAK1 is required for TNFR1-,

IL-1R-, and TLR-induced NF-jB activation [25, 26], we

investigated the effect of PINK1 on NF-jB activity in the

absence or presence of stimulation by IL-1b. Using an

NF-jB luciferase reporter gene assay, we found that

PINK1 dramatically enhanced the activity of NF-jB in

293 IL-1RI cells (Fig. 9a). In addition, wild-type PINK1

stimulated NF-jB in a dose-dependent manner (data not

shown), irrespective of IL-1b stimulation (Fig. 9a). To

further verify whether PINK1-induced up-regulation of

NF-jB activity occurs through IL-1R-dependent signaling

pathway, we tested the effect of interleukin-1 receptor

antagonist (IL-1ra) on PINK1 action (Fig. 9a). After

transfected with Myc-PINK1-WT or Myc-PINK1-KD,

cells were then treated with interleukin-1 receptor antag-

onist (IL-1ra) alone or together with IL-1b. As shown in

Fig. 9a, addition of IL-1ra abolished the stimulatory effect

of PINK1 under IL-1b stimulation. Consistent with the

previous finding, kinase-defective PINK1 mutant did not

activate the NF-jB response to IL-1b (Fig. 9b). These

results suggest that PINK1 positively regulates NF-jB

activity, and this regulation is closely linked to the kinase

activity of PINK1.

Lastly, we investigated whether the positive effect of

PINK1 on IL-1R signaling events leads to the production

and subsequent secretion of inflammatory cytokines, such

as IL-8, in 293 IL-1RI cells, in the absence or presence of

IL-1b stimuli. Consistent with the stimulatory effect of

PINK1 on the upstream components of IL-1R signaling,

PINK1 enhanced the levels of IL-8 mRNA as determined

by real-time PCR (Fig. 9c) as well as the secretion of IL-8

protein as determined by ELISA (Fig. 9d). These results

suggest that PINK1 acts as a positive regulator of IL-1b
signaling, leading to the up-regulation of inflammatory

cytokines in response to IL-1b stimulation.

Discussion

The loss of dopaminergic neurons is frequently observed in

association with signs of inflammation such as activation of

microglia, astrogliosis, and lymphocyte infiltration [10, 11].

Moreover, activated microglial cells, and proinflammatory

mediators, including nitric oxide (NO), reactive oxygen

species (ROS), IL-1b, TNF-a, IL-6, and chemokines have

been observed in the substantia nigra of postmortem tissue

from PD patients and in brain tissue from PD animal models.

In vivo studies have also demonstrated that serum and

cerebrospinal fluid of PD patients have increased levels of

IL-1b, TNF-a, and IL-2, as well as increased levels of

CD4 ? and CD8 ? T lymphocytes [29, 30], indicating

peripheral activation of lymphocytes. These inflammatory

events are thought to contribute directly to the pathogenesis

of PD, based on the following reports. Administration of

minocycline, which induces the paralysis of microglia,

decreases the loss of dopaminergic neurons and improves the

symptoms of PD in MPTP-treated animals [31]. In another

model of PD, intracranial injection of lipopolysaccharide

(LPS), a ligand of TLR4, was also shown to activate

inflammation and subsequently induce the loss of dopami-

nergic neurons [32]. Those reports demonstrate the close

relationship between brain inflammation and PD pathogen-

esis; however, the detailed mechanism and the signaling

pathway(s) involved have not been clearly elucidated. Our

present study provides evidence that PINK1, which is linked

to familial PD, affects the IL-1b-initiated downstream sig-

naling and inflammatory events. We show that PINK1

directly interacts with two members of the IL-1b-mediated

downstream signaling pathway, TRAF6 and TAK1, and

positively regulates their activation leading to enhanced

IL-1b-mediated cytokine production.

Several PD-linked gene products are also known to

associate in some manner with inflammatory signaling

events. For example, parkin directly activates microglia

and is neurotoxic to dopamine-producing neurons [33].

Once activated, microglial cells produce a wide variety of

Fig. 8 PINK1 directly phosphorylates TAK1 in vitro. 293 IL-1RI

cells were transfected with Myc-hPINK1-WT or Myc-hPINK1-KD

for 42 h, and left untreated or stimulated with 10 ng/ml IL-1b for

15 min. For in vitro kinase assay, anti-Myc immunoprecipitates

prepared from cell lysates were mixed with bacterially expressed

GST-fused TAK1 and 6 mM of ATP, and the reaction products was

then probed with anti-phospho-threonine antibody
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inflammatory mediators that promote an innate immune

response, including inflammatory cytokines, chemokines,

prostaglandins and leukotrienes, NO, ROS, and glutamate.

In addition, a-synuclein may act as an initiator of inflam-

mation in PD. Although a-synuclein-containing aggregates

are formed intracellularly, we previously demonstrated that

a-synuclein can be detected extracellularly [34]. Although

the mechanisms responsible for the escape of a-synuclein

from cells are not fully understood, extracellular a-synuc-

lein activates microglia and induces production of

proinflammatory mediators [35], providing a plausible link

between a-synuclein pathology and initiation of a poten-

tially pathogenic inflammatory response. Moreover, chronic

administration of low-dose LPS triggers very similar

neuroinflammatory and oxidative stress responses in the

substantia nigra of parkin-deficient mice, which develop

delayed and selective degeneration of DA neurons in the

substantia nigra. Furthermore, basal and inflammatory

cytokine-induced NF-jB activity is reduced in PINK1-

deficient MEFs [36, 37]. The present work provides addi-

tional evidence of a direct interaction between PINK1 and

TRAF6 and TAK1, and indicates that these interactions

result in positive regulation of IL-1b-mediated downstream

signaling. We also identified that PINK1 directly phos-

phorylates TAK1 (Fig. 8), but not TRAF6 (Suppl. 1).

However, the interaction between PINK1 and TRAF6 is not

Fig. 9 PINK1 potentiates production of IL-8 as well as NF-jB

activation in response to IL-1b. a 293 IL-1RI cells were transfected

with plasmids encoding NF-jB-responsive luciferase reporter and

control Renilla luciferase reporter, either alone or together with Myc-

hPINK1-WT, for 36 h, as indicated. Cells were then pretreated with

1 lg/ml of IL-1ra for 2 h, and left untreated or treated with 50 ng/ml

IL-1b for 12 h. The relative luciferase activity was measured and

normalized to Renilla activity. Error bars indicate ± SD in triplicate

experiments. **p \ 0.01 versus mock. b 293 IL-1RI cells were

transfected with plasmids encoding NF-jB-responsive luciferase

reporter vector and control Renilla luciferase reporter, either alone

or together with Myc-tagged wild-type PINK1 (WT) or its dominant

negative mutant (KD), for 36 h. Cells were left untreated or

stimulated with 50 ng/ml IL-1b for 6 h. **p \ 0.01 compared to

IL-1b-treated mock sample. c 293 IL-1RI cells were either mock-

transfected or transfected with Myc-PINK1 for 36 h, and treated with

50 ng/ml IL-1b for 12 h, as indicated. Subsequently, total RNA was

extracted and transcribed to produce cDNA. Real-time PCR analysis

of IL-8 mRNA was performed with IL-8 primers. **p \ 0.01

compared to IL-1b-treated mock samples. d The amount of IL-8

protein in the media from (c) was measured by ELISA. **p \ 0.01

compared to IL-1b-treated mock. The results are representative of

three independent experiments
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dependent on the kinase activity of PINK1, and kinase-

deficient PINK1 mutant still binds to TRAF6 (Suppl. 2a).

Based on this finding and the previous observation that

wild-type PINK1, but not its kinase-defective mutant,

enhances the auto-dimerization or auto-ubiquitination of

TRAF6 upon IL-1b treatment, we speculate that other

unidentified protein(s) which selectively binds to wild-type

PINK1, but not to kinase-dead PINK1 mutant, might con-

tribute up-regulation of auto-dimerization or auto-

ubiquitination of TRAF6. Or else, although kinase-deficient

PINK1-KD mutant having double substitutions at K219A

and D362A still binds to TRAF6 well, the conformational

change of PINK1 after binding to TRAF6 might be required

for the positive regulation of TRAF6 activity. Compared

with wild-type PINK1, kinase-deficient PINK1-KD mutant

could not carry out this process properly, which subse-

quently fails to stimulate TRAF6 activity.

We also demonstrate that PINK1 regulates NF-jB

activity in inflammatory events involving cytokine release,

suggesting that many diverse ‘loss-of-function’ mutations

of PINK1 might contributes to the pathogenesis of PD.

While PINK1 contains a catalytic serine-threonine

kinase domain and has autophosphorylation activity in vitro

[38], little is known regarding its binding partners and/or

putative substrates, largely due to technical difficulties in

testing the kinase activity of PINK1 in vivo. Nonetheless,

recombinant PINK1 directly phosphorylates TRAP1 in

vitro, and PINK1 overexpression enhances H2O2-induced

TRAP1 phosphorylation in PC12 cells [5]. In addition,

TRAP1 depletion significantly enhances mitochondrial

cytochrome c release and apoptosis in PC12 cells subjected

to oxidative stress, indicating that TRAP1 is a substrate of

PINK1 and acts as a key component mediating the cyto-

protective action of PINK1. Other chaperones, Cdc37/

Hsp90, have also been shown to interact with PINK1 [39].

Moreover, PINK1 interacts with HtrA2, a serine protease

residing in the mitochondrial intermembrane space [40],

and forms PINK1-HtrA2 complexes in mitochondria. Omi/

HtrA2 activates pro-apoptotic proteins upon its release to

the cytosol from damaged mitochondria. Although it is

unclear whether HtrA2 is the direct target of PINK1 phos-

phorylation, interaction with PINK1 enhances HtrA2

phosphorylation in response to the activation of the p38

stress-signaling pathway. In addition to those roles of

PINK1 and its various binding partners, the current work

demonstrates that PINK1 directly binds to TRAF6 and

TAK1, and consequently modulates IL-1b-mediated sig-

naling and the downstream inflammatory response.

However, it remains to be determined whether PINK1

directly phosphorylates TRAF6 and/or TAK1 as substrates.

Recently, PINK1 and parkin were shown to function in a

common pathway to maintain the integrity of the mito-

chondrial network by preventing mitochondrial dysfunction

and promoting degradation of defective mitochondria

through autophagy. PINK1 directly phosphorylates parkin,

resulting in a striking redistribution of parkin from the

cytosol to mitochondria [41] and facilitating the selective

clearance of depolarized mitochondria via autophagy [42].

In contrast to these findings, we recently demonstrated that

PINK1 and parkin affect each other’s stability, solubility,

and tendency to form cytoprotective aggresomes [20]. We

also validated the functional relevance of this mutual

interaction under pathological PD conditions [43]. These

different patterns of mutual interaction observed between

parkin and PINK1 could be explained by different cellular

contexts [43]. Whereas PINK1 accumulation accompanied

by enhanced parkin aggregate formation occurs under PD-

mimicking conditions, the unique mitochondrial localiza-

tion of these proteins and the resulting effects on

mitochondrial dynamics may occur under normal cellular

conditions [43]. Supporting this premise, the current work

presents additional evidence that PINK1 contributes to the

pathogenesis of PD by affecting the accompanying

inflammatory response.

With regard to the subcellular location of PINK1,

increasing evidence show both mitochondrial and cytosolic

co-localization [3, 5, 7, 44]. These results demonstrate that

full-length PINK1 translocates to the mitochondria

depending on the mitochondria membrane potential, and its

disruption causes the full-length PINK1 to accumulate in

the mitochondria. On the other hand, cleaved forms of

PINK1 are primarily localized to the cytosol. PINK1 is

localized to mitochondrial membranes via an N-terminal

targeting motif. In addition, overexpression of cytosolic

PINK1 lacking the mitochondria localization signal,

exhibits protective function against MPTP toxicity in mice

and in cell culture. These reports all point to PINK1 having

a dual localization and possibly two different functions,

depending on the subcellular compartment [44, 45]. As for

the functional roles of PINK1 in the cytoplasm, parkin,

PINK1, and DJ-1 are shown to form a complex mainly

within the cytosol, which then promotes ubiquitination and

degradation of parkin substrates in neuroblastoma cells

[46]. Furthermore, PINK1 exerts its cytoprotective function

not only in mitochondria but also in the cytoplasm through

activation of mTORC2 and Akt [47]. Besides, the current

work provides an additional role of PINK1 within the

cytoplasm to affect IL-1b-mediated downstream signaling.

Several binding partners of TRAF6 and TAK1 have

been identified and are known to regulate their function or

to be substrates. For example, TRAF6, a member of a

family of RING domain ubiquitin ligases, binds to and

catalyzes Lys-63-linked polyubiquitination to IKK [23].

TAK1 binds to adapter proteins TAK1-associated binding

protein-1, -2, and -3 (TAB 1, 2, and 3) for its activation

[48]. The requirement of TAB 1 for activation of TAK1
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appears to depend on cellular stimuli, such as osmotic

shock and not on cytokine-evoked activation of TAK1

[49]. The TAB 2/3 proteins were also identified by their

association with TAK1 and shown to be important for

TAK1 activation in response to IL-1b or TNF-a. In addi-

tion to these proteins, the present work demonstrates that

PINK1 binds to TRAF6 and TAK1, and is thereby linked to

IL-1b-mediated inflammatory signaling events.
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