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Abstract

Background: Parkinson disease (PD) is characterized by a slow, progressive degeneration of dopaminergic neurons
in the substantianigra. The cause of neuronal loss in PD is not well understood, but several genetic loci, including
PTEN-induced putative kinase 1 (PINK1), have been linked to early-onset autosomal recessive forms of familial PD.
Neuroinflammation greatly contributes to PD neuronal degeneration and pathogenesis. IL-1 is one of the principal
cytokines that regulates various immune and inflammatory responses via the activation of the transcription factors
NF-kB and activating protein-1. Despite the close relationship between PD and neuroinflammation, the functional
roles of PD-linked genes during inflammatory processes remain poorly understood.

Methods: To explore the functional roles of PINK1 in response to IL-1(3 stimulation, HEK293 cells, mouse embryonic
fibroblasts derived from PINK1-null (PINKT~7) and control (PINK1*) mice, and 293 IL-1RI cells stably expressing type
1 IL-1 receptor were used. Immunoprecipitation and western blot analysis were performed to detect protein—protein
interaction and protein ubiquitination. To confirm the effect of PINKT on NF-kB activation, NF-kB-dependent firefly

luciferase reporter assay was conducted.

suppression of Tollip inhibitory action.

IL-1 receptor-associated kinase 1

Results: PINK1 specifically binds two components of the IL-1-mediated signaling cascade, Toll-interacting protein
(Tollip) and IL-1 receptor-associated kinase 1 (IRAK1). The association of PINK1 with Tollip, a negative regulator of
IL-18 signaling, increases upon IL-1(3 stimulation, which then facilitates the dissociation of Tollip from IRAKT as well
as the assembly of the IRAKT-TNF receptor-associated factor 6 (TRAF6) complex. PINK1 also enhances Lys63-linked
polyubiquitination of IRAKT, an essential modification of recruitment of NF-kB essential modulator and subsequent
IkB kinase activation, and increases formation of the intermediate signalosome including IRAK1, TRAF6, and
transforming growth factor-f activated kinase 1. Furthermore, PINK1 stimulates IL-13-induced NF-kB activity via

Conclusions: These results suggest that PINK1 upregulates IL-13-mediated signaling through the functional
modulation of Tollip and IRAK1. These results further suggest that PINK1 stimulates the ubiquitination of proximal
molecules and increases signalosome formation in the IL-13-mediated signaling pathway. The present study
therefore supports the idea of the close relationship between neuroinflammation and PD.
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Introduction

Parkinson disease (PD) is characterized by progressive
dopaminergic neuron loss in the substantianigra pars
compacta of the midbrain [1]. Although the etiology
of PD remains poorly understood, several genetic loci
have been implicated in the pathogenesis of familial PD.
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Among them, the PTEN-induced putative kinase 1
(PINK1) gene encodes a serine/threonine kinase that
phosphorylates substrates such as TNF receptor-
associated protein 1 and thus protects cells from death
induced by various stress signals [2,3]. Neuroinflammatory
processes, including microglial activation, astrogliosis, and
lymphocytic infiltration, significantly contribute to neu-
ronal degeneration by producing deleterious proinflam-
matory molecules [4].
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Toll-like receptors (TLRs) are a family of evolutionar-
ily conserved receptors that recognize pathogen-
associated molecular patterns, causing an inflammatory
response via induction of interleukins and other proin-
flammatory proteins [5]. Toll-interacting protein (Tollip)
is an adaptor protein that acts as an inhibitory factor in
TLR signaling cascades [6-8]. When activated by IL-1 or
lipopolysaccharide stimulation, Tollip associates with the
cytoplasmic TIR domains of IL-1 receptor (IL-1R), as
well as TLR2 and TLR4 [6,7,9]. Tollip also interacts with
IL-1 receptor-associated kinase 1 (IRAK1) and sup-
presses its kinase activity [7]. Therefore, in the absence
of infection, Tollip probably maintains immune cells in a
resting state and terminates IL-1R-induced and TLR-
induced inflammatory pathways via suppression of
IRAK1 activity [7,9]. In this regard, Tollip resembles IL-
1R-associated kinase M, which also acts as a negative
regulator in IL-1f signaling. IL-1R-associated kinase M
associates with IRAK1 by blocking IL-1R-associated kin-
ase 4 recruitment, and thereby inhibits IRAK1 phos-
phorylation and/or activation [10,11].

IRAK1 is an adaptor for the Toll/IL-1R receptor sig-
naling complex. Upon IL-1 stimulation, formation of the
heterodimeric receptor complex creates a scaffold for
the association of MyD88 and Tollip [12-14]. IRAK1 is
then recruited to the active receptor complex. In paral-
lel, IL-1R-associated kinase 4 is recruited to the receptor
complex and may phosphorylate IRAK1, thus initiating
further autophosphorylation of IRAK1. Hyperphosphory-
lated IRAK1 dissociates from the receptor complex,
presumably dimerizes, and binds to TNF receptor-
associated factor 6 (TRAF6). IRAK1 binding to TRAF6
functions together with Ubc13/Uev1A to catalyze Lys63-
polyubiquitination of IRAK1. Active IRAK1 subsequently
causes the dimerization and polyubiquitination of
TRAF6, which activates the downstream component,
transforming growth factor-f activated kinase 1 (TAK1).
TAK1 subsequently phosphorylates several regulatory
kinases in different downstream signaling pathways,
which ultimately leads to the production and release of
multiple cytokines via NF-«B activation [15].

We previously revealed that PINK1 directly binds two
components of IL-1B-mediated downstream signaling,
TRAF6 and TAKI [16]. In addition, PINK1 overexpres-
sion maintains the ubiquitination and phosphorylation
of these two proteins in 293 IL-1RI cells, consequently
resulting in more potent NF-kB activity [16]. Further-
more, silencing PINK1 expression by RNA interference
or the overexpression of the kinase-defective PINK1 mu-
tant suppresses TRAF6 and TAKI1 activity and inhibits
IL-1B-induced NF-kB activation. These results suggest
that PINK1 stimulates the IL-1 response by positively
regulating TRAF6 and TAKI. In the present study, we
aimed to investigate whether PINK1 additionally affects
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other upstream molecules in the IL-1p signaling pathway
as well as the formation of the IRAKI1, TRAF6, and
TAK1 intermediate signalosome complex. We demon-
strate that PINK1 blocks the inhibitory action of Tollip
upon IL-1p stimulation. In addition, PINKI1 positively
regulates IL-1B-mediated NF-«B activation via IRAK1
modulation. These findings provide a novel regulatory
role for Tollip and IRAK1 activity during inflammatory
signaling.

Materials and methods

Materials

DMEM, FBS, FCS, and the LipofectAMINE PLUS re-
agent were purchased from Invitrogen (Carlsbad, CA,
USA). Protein A-Sepharose was obtained from GE
Healthcare Biosciences (Piscataway, NJ, USA) and anti-
PINK1 antibody was purchased from Abgent (San Diego,
CA, USA). The HA, c-Myc, Tollip, IRAK1, TRAF6,
TAKI1, actin, and ubiquitin antibodies were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Secondary goat anti-IgG and horseradish peroxidase-
conjugated anti-rabbit and anti-mouse IgGs were pur-
chased from Life Technologies (Grand Island, NY, USA).
Flag antiserum and recombinant human IL-1f were
obtained from Sigma (St Louis, MO, USA). Enhanced
chemiluminescencereagent was purchased from Perkin-
Elmer Life and Analytical Sciences (Waltham, MA,
USA). The Lys63-specific anti-ubiquitin antibody was
obtained from Millipore (Temecula, CA, USA). All other
chemicals used in the study were analytical grade com-
mercial products purchased from Sigma.

DNA constructs

Plasmids encoding Flag-IRAK1, Flag-TAK1 and Flag-
TRAFG6 were kindly provided by G Takaesu (Keio Univer-
sity, Tokyo, Japan). The mammalian constructs encoding
HA-tagged Tollip and Myc-tagged wild-type hPINK1
(pBOS-3X-myc-hPINK1-WT) were obtained from K
Nakayama (Kyoto University, Kyoto, Japan) and ] Chung
(Seoul National University, Seoul, Korea), respectively.
The plasmid encoding the Myc-tagged kinase-deficient
hPINKI1 mutant (multi-point mutations at K219A, D362A,
and D384A, termed pBOS-3X-myc-hPINK1-KD) was gen-
erated using the QuikChangeXL site-directed mutagenesis
kit (Stratagene, La Jolla, CA, USA), according to the man-
ufacturer’s protocol. PCR was performed using the follow-
ing primers (mutated codon is underlined in each primer):
K219A, forward primer 5-CCCTTGGCCATCGCGAT
GATGTGGAAC-3' and reverse primer 5-GTTCCA
CATCATCGCGATGGCCAAGGG-3’; D362A, forward
primer 5-ATCGCGCACAGAGCCCTGAAATCCGAC-3'
and reverse primer 5-GTCGGATTTCAGGGCTCTGT
GCGCGAT-3; D384A, forward primer 5-CTGGTGA
TCGCAGCTTTTGGCTGCTGC-3" and reverse primer
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5-GCAGCAGCCAAAAGCTGCGATCACCAG-3". The
plasmid encoding V5-TRAF6 was generated by subcloning
TRAF6 from pCMV-Flag-TRAF6 into the pcDNA3.1/
V5-His vector using EcoRI and Xhol sites.

Cell culture and DNA transfection

Mouse embryonic fibroblasts (MEFs) derived from
PINK1-null (PINKI") and control (PINKI*’*) mice
were provided by J Shen (Harvard Medical School, Bos-
ton, MA, USA), and 293 IL-1RI cells stably expressing
type 1 IL-1R were a kind gift from G Takaesu (Keio Uni-
versity). Human embryonic kidney cells (HEK293),
PINK1™", and PINKI"* MEFs were cultured in DMEM
containing 10% FBS, 100 units/ml penicillin, and 100
pg/ml streptomycin at 37°C in 5% CO,. The 293 IL-1RI
cells were cultured in DMEM containing 10% FCS, 100
units/ml penicillin, and 100 pg/ml streptomycin at 37°C
in 5% CO,. DNA transfection was performed using the
LipofectAMINE PLUS reagent (Invitrogen) according to
the manufacturer’s protocol. The total amount of DNA
transfected for each condition was adjusted using paren-
tal empty vector DNA.

Immunoprecipitation and immunoblot assay

Cells were rinsed twice with ice-cold PBS, harvested in
1% Nonidet P40 lysis buffer (50 mM Tris, pH 7.5, 1%
Nonidet P40, 150 mM NaCl, 10% glycerol, 1 mM
NazgVO,, 1 pg/ml leupeptin, 1 pg/ml aprotinin, 1 mM
ethylene glycol tetraacetic acid, 1 mM ethylene diamine
tetraacetic acid, 10 mM NaF, and 0.2 mM phenylmethyl-
sulfonyl fluoride), and briefly sonicated. Lysates were col-
lected by centrifugation at 13,000 x g for 20 minutes at
4°C. For immunoprecipitation, 1 pg appropriate antibody
was incubated overnight at 4°C with 0.5 to 1 mg 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 hours at 4°C with gentle
rotation. Beads were pelleted by centrifugation at
10,000 x g for 30 seconds at 4°C, and washed three
times with 1% Nonidet P40 lysis buffer. Immunocom-
plexes were dissociated by boiling in SDS-PAGE sam-
ple buffer, separated by SDS-PAGE, and transferred to
a nitrocellulose membrane. Membranes were blocked
for 1 hour at room temperature in TBST buffer (20
mM Tris, pH 7.5, 137 mM NaCl, and 0.1% Tween 20)
containing 5% nonfat dry milk, followed by overnight
incubation at 4°C in TBST buffer containing 3% nonfat
dry milk and the appropriate primary antibody. Mem-
branes were washed three times in TBST and then
incubated for 1 hour at room temperature with the
secondary IgG-coupled horseradish peroxidase anti-
body. The membranes were washed three times with
TBST, and the signals were visualized with enhanced
chemiluminescence reagent.
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Immunocytochemistry

After transfection, cells were washed twice with ice-cold
PBS (pH 7.4), fixed with 3.7% formaldehyde in PBS for
15 minutes, permeabilized with 0.2% Triton X-100 for
20 minutes, blocked with 1% bovine serum albumin
for 30 minutes, and incubated overnight at 4°C with
the primary antibody. After washing with PBS, cells
were incubated for 2 hours with a FITC-conjugated or
TRITC-conjugated secondary antibody. Where specified,
samples were stained with 4',6'-diamidino-2-phenylindole
using the SlowFade Antifade kit (Invitrogen). Fixed cells
were visualized using a LSM-510 META confocal micro-
scope (Carl Zeiss, Gottingen, Germany).

Luciferase reporter assay

PINKI** and PINKI”~ MEF cells were grown for
24 hours in six-well plates at a density of 3 x 10> cells/
well. NF-kB-dependent firefly luciferase reporter plasmids
and the renilla luciferase plasmid were co-transfected
into the cells. Forty-eight hours after transfection, the
cells were harvested in passive lysis buffer (Promega,
Madison, WI, USA) and luciferase assays were per-
formed using the Dual-Luciferase Reporter Assay System
(Promega). Relative luciferase activity was calculated by
dividing firefly luciferase activity by renilla luciferase
activity. Data represent three independent experiments
performed in triplicate.

Statistical analysis

Statistical differences were determined using one-way
analysis of variance with the Tukeypost hoc test. All
values were expressed as mean * standard deviation.

Results

PINK1 physically interacts with Tollip and IRAK1 in
mammalian cells

To examine the role of PINK1 during inflammation, we
performed a yeast two-hybrid assay with full-length
PINK1 as bait. We screened 5 x 10° human fetal brain
¢DNA library clones and identified a number of un-
known, as well as previously reported, PINK1-binding
partners, including parkin [17], TRAF6 [16], Tollip, and
IRAK1 (data not shown). To determine the role of
PINK1 in IL-1f-induced inflammatory signaling, we first
determined whether PINK1 binds Tollip in mammalian
cells using co-immunoprecipitation assays. To examine
whether PINK1 can bind Tollip under normal growth
conditions, HEK293 cells were co-transfected with HA-
tagged Tollip and either Myc-tagged wild-type hPINK1
or its kinase-deficient mutant (hPINK1-KD) alone or in
combination. Cell lysates were immunoprecipitated using
anti-c-Myc IgG, followed by immunoblot analyses with
the HA antibody. Consistent with the previous reports
[18,19], ectopic expression of PINKI1 generated two
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bands, as shown in western blot analyses (Figure 1A).
The upper band represents full-length PINK1, whereas
the lower band represents the processed isoform of
PINK1 from mitochondria to cytosol. Compared with
PINK1 mutant, the wild-type band appeared to be upper-
shifted, confirming that wild-type PINK1, but not its
kinase-deficient mutant, is a target of autophosphoryla-
tion. In addition, transiently transfected wild-type PINK1
selectively bound Tollip in HEK293 cells (Figure 1A).
Moreover, the kinase-deficient PINK1 mutant still binds
Tollip, suggesting that PINK1 kinase activity is not ne-
cessary for Tollip binding (Figure 1A). To determine
whether endogenous PINKI1 binds endogenous Tollip,
HEK293 cell lysates were immunoprecipitated with anti-
PINK1 IgG, followed by immunoblot analyses with the
Tollip antibody. As shown in Figure 1B, endogenous
PINK1 interacted with endogenous Tollip, whereas no
obvious interaction was observed in control immunocom-
plex samples prepared with preimmune IgG (Figure 1B).
These data suggest that the PINK1/Tollip interaction
is not an artifact of DNA transfection but a specific
interaction in mammalian systems. Moreover, immuno-
cytochemical analyses revealed that endogenous PINK1
co-localizes with endogenous Tollip, predominantly in
the cytoplasmic region of HEK293 cells (Figure 1C).
Together, these results suggest that PINKI1 specifically
binds Tollip in mammalian cells.

We next investigated whether PINK1 can also bind
IRAK1 in mammalian cells. HEK293 cells were transi-
ently transfected with Flag-tagged IRAK1 plus either
Myc-tagged wild-type PINK1 (hPINKI-WT) or the
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immunocomplexes from these cells were subjected to
western blot analyses using the c-Myc antibody. As
shown in Figure 2A, wild-type and kinase-deficient
PINK1 both bind IRAK1 in HEK293 cells. In addition,
endogenous PINK1 directly associates with endogenous
IRAK1 (Figure 2B). Finally, immunocytochemical analyses
showed that endogenous PINK1 and endogenous IRAK1
co-localize in the cytoplasm of HEK293 cells (Figure 2C).
These experiments thus suggest that PINK1 specifically
binds Tollip and IRAK1 in mammalian cells.

PINK1 facilitates the dissociation of Tollip—-IRAK1 complex
Based on reports that Tollip negatively regulates the
IL-1p and TNFa signaling pathways [20], we further
explored the functional consequence of PINK1 on Tollip
activity, focusing on the regulation of IL-1B-mediated
inflammatory signaling. First, we investigated whether
IL-1B treatment changes the PINK1/Tollip interaction
and whether their association is affected by PINK1 kin-
ase activity. For this purpose, we utilized 293 IL-1RI
cells stably expressing type I IL-1p receptor [21], which
consequently show much higher response to IL-1B
stimulation. After co-transfection with HA-Tollip plus
either Myc-hPINK1-WT or Myc-hPINK1-KD, 293 IL-1RI
cells were treated with IL-1B. Immunoblot analyses of
the anti-Myc immunocomplexes with HA antibodies
revealed that IL-1p stimulation enhances the association
between PINK1 and Tollip by ~60% (Figure 3A, B). How-
ever, the increased Tollip binding was not remarkably
changed in the presence of the kinase-defective PINK1
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Figure 1 PINK1 binds Tollip in HEK293 cells. (A) HEK293 cells were transfected for 48 hours with Myc-tagged PTEN-induced putative kinase 1
(PINK1) and/or HA-tagged Toll-interacting protein (Tollip). Immunoprecipitation (IP) of cell lysates was performed with the c-Myc antibody,
followed by immunoblotting with the HA antibody, as indicated. Expression of the transiently transfected proteins was identified by
immunoblotting with the indicated antibodies. *IgG heavy chain. Actin was used as a loading control. (B) HEK293 cell lysates were
immunoprecipitated with the PINKT antibody, followed by immunoblotting with the Tollip antibody. As a control, cell lysates were
immunoprecipitated with preimmune IgG. PINK1 and Tollip expression in cell extracts was determined by immunoblotting with each antibody.
(C) HEK293 cells were fixed, permeabilized, and incubated for 24 hours with the PINK1or Tollip antibody. Cells were stained with TRITC-conjugated
or FITC-conjugated secondary antibodies and 4/,6/-diamidino-2-phenylindole (DAPI). Immunostained cells were examined using confocal
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Figure 2 PINK1 physically interacts with IRAK1 in HEK293 cells. (A) HEK293 cells were transfected for 48 hours with Myc-PINK1 and/or Flag-
IRAKT. Cell lysates were immunoprecipitated with the c-Myc antibody, followed by immunoblotting with the Flag antibody. Expression of the
transiently transfected proteins was identified by immunoblotting with the indicated antibodies. *IgG heavy chains. Actin was used as a loading
control. (B) HEK293 cell lysates were immunoprecipitated with the IRAK1 antibody, followed by immunoblotting with the PINK1 antibody. As a
control, cell lysates were immunoprecipitated with preimmune IgG. (C) HEK293 cells were fixed, permeabilized, and incubated for 24 hours with
PINK1 or IRAK1 antibodies. Cells were stained with TRITC-conjugated or FITC-conjugated secondary antibodies and 4’,6'-diamidino-2-phenylindole
(DAPI). Immunostained cells were examined using confocal microscopy. Scale bar = 20 um. IRAK1, IL-1 receptor-associated kinase 1; PINKT,
PTEN-induced putative kinase 1.

Although Tollip forms a binary complex with IRAK1  under IL-1P stimulation (Figure 4A). These results sug-
in the absence of ligand, this complex is recruited to IL-  gest that the IL-1p stimulation-mediated increased bind-
1R upon IL-1f stimulation [6]. IRAK1 is phosphorylated, ing of PINK1 to Tollip (Figure 4A) reduces the affinity
leading to its rapid dissociation from Tollip, and causing  between Tollip and IRAK1, which subsequently dis-
IRAKI-induced TRAF6 activation [23]. Based on these sociates Tollip from IRAKI.
reports, we investigated whether PINK1-Tollip binding To further examine whether PINK1 diminishes the
affects the sequential protein interaction between Tollip  binding of endogenous Tollip and IRAK1, we compared
and IRAK1. 293 IL-1RI cells were transfected with the binding pattern and levels in response to IL-1f
Myc-hPINK1, HA-Tollip, or Flag-IRAK1 alone or in stimulation in PINKI = and PINKIY* MEFs. After
combination and co-immunoprecipitation assays were = MEFs were treated with IL-1f, cell lysates were immu-
performed. As expected, Tollip interacts strongly with  noprecipitated with the Tollip antibody. Immunoblotting
IRAK1 regardless of PINK1 expression. Interestingly, the complex with the IRAK1 antibody revealed that the
the addition of PINK1 decreases Tollip binding to IRAK1  endogenous association between IRAK1 and Tollip occurs
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Figure 3 Association between PINK1 and Tollip increases upon IL-1f stimulation. (A),(B) 293 IL-1RI cells were transfected for 42 hours with
Myc-hPINKT-WT, Myc-hPINK1-KD, or HA-Tollip, alone or in combination, and treated with 10 ng/ml IL-13 for 15 minutes. Cell lysates were
subjected to immunoprecipitation (IP) with anti-Myc antibody, followed by immunoblotting with anti-HA antibody. Total cell lysates were also
analyzed with anti-Myc and anti-HA antibodies. *IgG heavy chains. Actin served as a loading control. (A) The binding intensity ((Tollip bound/
Tollip input)/PINK1 IP) was quantified and normalized to the intensity of IP using Image J software [22]. (B) *P<0.05; n.s., not significant.PINK1,
PTEN-induced putative kinase 1; Tollip, Toll-interacting protein.
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Figure 4 PINK1 facilitates IRAK1 dissociation from Tollip after IL-1B stimulation. (A) 293 IL-1RI cells were transfected for 42 hours with Myc-
PINK1, HA-Tollip, or Flag-IRAK1, alone or in combination, and treated for 15 minutes with 10 ng/ml IL-1B. Cell lysates were immunoprecipitated
with the HA antibody, followed by immunoblot analyses with the Flag or c-Myc antibodies. The relative binding affinities were quantified -
(IRAKT bound/IRAKT input)/Tollip IP or (PINKT bound/PINK1 input)/Tollip IP — and denoted below the upper panel. Open arrow, increased binding
of PINK1 to Tollip. Actin used as a loading control. (B) PINK1 ™~ or PINKT**mouse embryonic fibroblasts were treated with 50 ng/ml IL-18 for the
indicated times. Cell lysates were immunoprecipitated with the Tollip antibody, and immunoblotted with the IRAKT antibody. The relative
binding affinities were quantified and denoted below the upper panel. *IgG heavy chains. Actin served as a loading control. IRAK1, IL-1 receptor-
associated kinase 1; PINK1, PTEN-induced putative kinase 1; Tollip, Toll-interacting protein.
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more strongly in PINKI1™~ MEFs in the absence of IL-1p
stimulation, whereas it was very weak in PINKI** MEFs
(Figure 4B). In addition, the endogenous Tollip/IRAK1
interaction occurs until 10 minutes after IL-1f stimulation
in PINKI™~ MEFs (Figure 4B). Together, these results
suggest that PINK1 facilitates Tollip dissociation from
IRAK1, which may consequently promote IL-13-induced
downstream signaling.

PINK1 facilitates Lys63-linked polyubiquitination of IRAK1
Recent studies reveal that IRAK1 undergoes Lys63-
linked ubiquitination following IL-1 stimulation. This
modification is essential for the recruitment of NF-«B
essential modulator and subsequent IkB kinase (IKK) ac-
tivation [24,25]. Given the importance of IRAK1 ubiqui-
tination in IL-1 signaling, we determined whether
PINKI1 affects IRAK1 ubiquitination upon IL-1p stimu-
lation by conducting in vivoubiquitination assays. The
293 IL-1RI cells were co-transfected with Flag-IRAKI,
HA-ubiquitin, or Myc-hPINK1, alone or in combin-
ation, and stimulated with IL-1B. Immunoblot analyses
of the Flag immunocomplexes with the HA antibody
demonstrate that PINK1 overexpression increases IRAK1
polyubiquitination (Figure 5A, lane 4) compared with
cells expressing IRAK1 and ubiquitin alone (Figure 5A,
lane 3).

Next, we assessed whether IRAK1 polyubiquitination
depends on PINK1 kinase activity. The 293 IL-1RI cells

were transfected with either Myc-hPINK1-WT or Myc-
hPINK1-KD, along with Flag-tagged IRAK1, and then
treated with IL-1B. Immunoblot analyses of the Flag
immunocomplexes with the ubiquitin antibody revealed
that wild-type PINKI increases IRAK1 polyubiquitina-
tion by 3.5-fold (Figure 5B), whereas it is not significantly
different in the presence of Myc-hPINK1-KD. These
results suggest that PINK1 positively regulates IRAK1
polyubiquitination independent of its kinase activity.

We next addressed whether PINKI facilitates Lys63-
linked polyubiquitin conjugation to endogenous IRAK1 in
response to IL-1B because this is required for IKK activa-
tion. PINKI™~ and PINKI** MEFs were stimulated with
IL-1P and cell lysates were immunoprecipitated with the
IRAK1 antibody (Figure 5C). Immunoblot analyses with
the Lys63-specific ubiquitin antibody showed that Lys63-
dependent polyubiquitination of IRAK1 in PINKI™~
MEFs only slightly increases after 30 minutes of IL-1
stimulation. In contrast, IRAK1 polyubiquitinationin
PINKI*"* MEFs significantly increased after 10 minutes of
IL-1P treatment, reaching its maximum after 30 minutes.
These results indicate that PINK1 promotes Lys63-
specific polyubiquitination of IRAK1 in mammalian cells.

PINK1 promotes assembly of IRAK1-TRAF6 complex

Upon dissociation from IL-1R, IRAK1 and TRAF6 form
another multi-protein complex at the plasma membrane
consisting of TAK1, TAB1, and TAB2 [26-28]. These
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Figure 5 PINK1 increases Lys63-dependent polyubiquitination of IRAK1. (A) HEK293 cells were transfected for 48 hours with HA-ubiquitin,
Flag-IRAK1, or Myc-PINK1, alone or in combination. Cell lysates were immunoprecipitated with the Flag antibody, followed by immunoblotting
with the HA antibody. Expression of transiently transfected proteins was confirmed by immunoblotting with the HA, Flag, or c-Myc antibodies.
*lgG heavy chains.Actin served as a loading control. (B) 293 IL-1RI cells were transfected for 42 hours with Flag-IRAK1 alone or together with
either Myc-tagged wild-type PINK1T (WT) or its kinase-defective mutant (KD), and treated for 15 minutes with 10 ng/ml IL-10. Cell lysates were
immunoprecipitated with the Flag antibody, followed by immunoblotting with the ubiquitin antibody. (C) PINKT~~ and PINKT™"mouse
embryonic fibroblasts were treated with 50 ng/ml IL-1( for the indicated times. Cell lysates were immunoprecipitated with the IRAK1 antibody,
and immunoblotted with the Lys63-specific ubiquitin antibody. The relative polyubiquitinated IRAK1 levels were quantified and denoted below
the upper panel:(A), (B) (ubiquitinated IRAK1/IRAKT input)/IRAKT IP, or (C) (endogenous ubiquitinated IRAK1/endogenous IRAK1)/endogenous
IRAKT IP.IRAKT, IL-1 receptor-associated kinase 1; PINK1, PTEN-induced putative kinase 1.

findings led us to investigate whether PINK1 affects for-
mation of the IRAK1-TRAF6 complex after IL-1p stimu-
lation. 293 IL-1RI cells were transiently transfected with
Flag-IRAK1 and V5-TRAF6, alone or together with
Myc-hPINK1, and treated with IL-1B. Immunoblot ana-
lyses of the Flag immunocomplexes with the V5 anti-
body revealed that IRAK1/TRAF6 binding occurs weakly
in the absence of PINK1 (Figure 6A). However, PINK1
overexpression enhances their interaction under normal
growth conditions. Moreover, PINK1 remarkably
increased the IRAKI/TRAF6 interaction upon IL-1f
stimulation (Figure 6A), suggesting that PINK1 facili-
tates IRAK1 dissociation from Tollip, which, in turn,
promotes IRAK1 binding to TRAF6.

To examine whether PINK1 promotes the association
of endogenous IRAK1 and TRAF6, we compared levels
of the IRAK1-TRAF6 complex in response to IL-1f
stimulation in PINKI™"~ and PINKI*"* MEFs. The MEFs
were treated sequentially with the proteasomal inhibitor
MG132 and IL-1p, and cell lysates were immunoprecipi-
tated with the TRAF6 antibody. Immunoblotting with

the IRAK1 antibody confirmed that PINK1 significantly
increases the IRAK1-TRAF6 complex (Figure 6B).

PINK1 enhances formation of the intermediate
signalosome, including IRAK1, TRAF6 and TAK1,

upon IL-1B stimulation

Lys63-linked polyubiquitination of IRAK1 and TRAF6
facilitates recruitment of TAK1 and IKK into the com-
plex [29]. In addition, IL-1f treatment recruits endogen-
ous TAK1 to the TRAF6 complex, a crucial step for
activation of TAK1 catalytic activity, and subsequently
triggers NF-kB and mitogen-activated protein kinase.
Based on these reports, we investigated whether, upon
IL-1B stimulation, PINK1 influences formation of the
intermediate signalosome containing IRAK1, TRAFG6,
and TAK1. We used PINKI ™'~ or PINKI*"* MEFs to de-
termine the effect of PINK1 on formation of the en-
dogenous signalosome. PINKI~~ and PINKI™* MEFs
were stimulated with IL-1p for the indicated times
(Figure 7A), and cell lysates were immunoprecipitated
with the TAK1 antibody. Immunoblot analyses with the
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Figure 6 PINK1 facilitates assembly of the IRAK1-TRAF6 complex. (A) 293 IL-1RI cells were transfected for 48 hours with Flag-IRAK1, V5-
TRAF6, or Myc-PINK1, alone or in combination, and treated for 15 minuteswith 10 ng/ml IL-1B. Cells were immunoprecipitated with the Flag
antibody, followed by immunoblotting with the V5 or c-Myc antibodies. (B) PINK1™~ or PINK1™*mouse embryonic fibroblasts were treated with
50 uM MG132 for 30 minutes followed by 50 ng/ml IL-1B for the indicated times. Cell lysates were immunoprecipitated with the TRAF6 antibody,
and immunoblotted with the IRAK1T antibody. The relative binding affinities were quantified and denoted below the upper panel: (A)(TRAF6
bound/TRAF6 input)/IRAKT IP,or(B) (endogenous IRAKT bound/endogenous IRAKT)/endogenous TRAF6 IP. *IgG heavy chains. Actin was used as a
loading control. The binding intensity in (B) was quantified and error bars indicate + standard deviation in triplicate experiments (C). IRAK1, IL-1
receptor-associated kinase 1; PINK1, PTEN-induced putative kinase 1;R.A,, relative amounts; TRAF6, TNF receptor-associated factor 6.

IRAK1 antibody revealed that PINKI facilitates forma-
tion of the TRAF6-mediated IRAKI-TAK1 complex
(Figure 7A). In addition, western blotting with the
IRAK1 antibody showed that, in response to IL-1f, there
is a time-dependent increase in the upper IRAK1 bands
in PINKI** MEFs. These slower migrating IRAK1
bands are presumed to result from hyperphosphoryla-
tion and ubiquitin modification [30,31]. To obtain
enhanced levels of the PINK1-induced intermediate sig-
nalosome complex, cells were pretreated with MG132
before IL-1p stimulation (Figure 7B). Suppression of
intracellular proteasomal activity led to an accumulation
of ubiquitinated IRAK1 as well as unmodified IRAK1.
Moreover, both modified and unmodified IRAK1 levels
were enhanced in PINKI"*MEFs, causing a robust re-
cruitment of the intermediate signalosome. Taken to-
gether, these results indicate that PINK1 promotes
assembly of the IRAK1-TRAF6-TAK1 complex, a cru-
cial step for IKK and NF-«B activation.

PINK1 potentiates NF-kB activity via Tollip suppression in
response to IL-1

To confirm that PINK1 positively regulates IL-1p3-
induced proximal signaling, we examined the effect of
PINK1 on NF-kB activation. PINKI™~ or PINKI**
MEEFs were transfected with Tollip or PINKI, and sti-
mulated with IL-1f, and the lysates were evaluated for
NEF-kB transactivation activity. As predicted, ectopic

Tollip expression inhibits NF-kB activity, compared with
mock-transfected cells. In addition, PINK1 overexpres-
sion into PINKI"* MEFs abrogated the inhibitory action
of Tollip and increased NF-kB activity (Figure 8). More-
over, compared with the mock-transfected PINKI1™/~
MEFs, Tollip expression significantly inhibited NF-xB
activity but the ectopic expression of PINK1 elevated
NE-kB activity. Taken together, these results indicate
that PINK1 potentiates IL-1B-induced NF-kB activity
through suppression of Tollip activity.

Discussion

Neuroinflammation is thought to contribute to the cas-
cade of events leading to neuronal degeneration in many
neurodegenerative diseases, including PD. These events
comprise microglial activation, astrogliosis, and lympho-
cytic infiltration. Despite intensive research, the relation-
ship between PD-linked genes and neuroinflammatory
signaling cascades is poorly understood. Recently, we
reported that PINK1 participates in the IL-1B-mediated
inflammatory signaling pathway through upregulation of
its downstream molecules, TRAF6 and TAKI1 [16].
PINK1 enhances TRAF6 autodimerization and autoubi-
quitination, which are essential for TRAF6 E3 activity
and TAKI1 polyubiquitination. Furthermore, PINK1
increases Lys63-dependent polyubiquitination of TAK1
and also directly phosphorylates TAK1 [16]. As a re-
sult, PINK1 potentiates NF-kB activity upon IL-1B
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Figure 7 PINK1 enhances formation of the intermediate signalosome including IRAK1, TRAF6, and TAK1. (A),(B) PINK1™~ or PINKT*/*
mouse embryo fibroblasts were pretreated with 50 pM MG132 for 30 minutes(B) and stimulated with 50 ng/ml IL-13 for the indicated times. Cell
lysates were immunoprecipitated with the transforming growth factor-$ activated kinase 1 (TAK1) antibody, followed by immunoblotting with
the IL-1 receptor-associated kinase 1 (IRAK1) antibody. The relative binding affinities ((endogenous IRAK1 bound/endogenous IRAK1)/endogenous
TAKT1 IP) of samples were quantified and denoted below the upper panel. The binding intensity in (B) was quantified and error bars indicate +
standard deviation in triplicate experiments (C). PINK1, PTEN-induced putative kinase 1; RAA, relative amounts.
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stimulation. These novel findings suggest that a PD-linked
gene may affect neuroinflammation by directly associating
with and positively regulating key enzymes in IL-1f signal-
ing. In the present study, we further examined whether
PINK1 modulates the initial steps of IL-1B-induced in-
flammatory signaling, focusing on Tollip and IRAK1.

We first demonstrated that PINK1 specifically binds
Tollip. The PINK1/Tollip association increased upon IL-

e N
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Figure 8 PINK1 potentiates NF-kB activity via Tollip
suppression in response to IL-1p. PINK1 "~ and PINKT"* mouse
embryo fibroblasts were transfected for 36 hours with the NF-kB-
responsive luciferase reporter and control renilla luciferase reporter
alone or together with HA-Tollip and Myc-hPINK1-WT, as indicated.
After cells were treated for 12 hourswith 50 ng/ml IL-1p, relative
luciferase activity was measured and normalized to renilla activity.
Error bars indicate + standard deviation in triplicate experiments.
***P<0,001. PINK1, PTEN-induced putative kinase 1.

1B stimulation, which facilitated Tollip dissociation from
IRAK1 as well as assembly of the IRAK1-TRAF6 com-
plex. In addition to functioning as a negative IRAK1
regulator, Tollip modulates IL-1RI signaling cascade in
many ways, including sorting IL-1RI at late endosomes
via formation with Tom1 and clathrin [32-34] and serv-
ing as a component of the IL-1RI sumoylation machin-
ery [35]. Regarding Tollip-mediated IRAKIinhibition,
the region near the Tollip UBA domain binds unpho-
sphorylated IRAK1 in normal growth conditions and
can also be phosphorylated by IRAK1 [7]. Therefore,
once activated on the receptor, IRAK1 phosphorylates
Tollip, which may dissociate Tollip from IRAK1 and the
receptor complex. Taken together, our previous and
present findings demonstrate that PINK1 effectively
modulates several sequential steps of IL-1P signaling
through direct binding to multiple upstream and down-
stream proteins in the IL-1B-mediated signaling pathway
and modulating their interactions. In addition, PINK1
positively influences IL-1B-induced inflammation by dir-
ect phosphorylation of TAK1 [16].

Similar to PINK1, we also reported that the RCANI-
1S protein, a negative regulator of the phosphatase
calcineurin, binds Tollip and positively modulates IL-
1R-mediated signaling pathways by regulating Tollip—
IRAK1-TRAF6 complex formation [36]. Unlike PINK1,
RCANT1-1S interacts with Tollip and TRAF6 but not
IRAK1, which leads to IRAK1 and TRAF6 dissociation
from Tollip. RCANI1-1S also stimulates IL-1R-mediated
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signaling pathways, including TAK1 activation, NF-«xB
transactivation, and IL-8 production, which are all down-
stream of IL-1R activation [36].

Little is known about the putative PINK1-binding tar-
gets and/or substrates largely because of technical diffi-
culties testing PINKI1 kinase activity in vivo. However,
several mitochondrial binding proteins have been identi-
fied, including parkin, Omi/HtrA2, and Rictor [37-39].
Additionally TNF receptor-associated protein 1 is a
PINKI1 substrate and is a key component mediating the
cytoprotective actions of PINK1 [40]. Very recently,
PINK1 was shown to phosphorylate Miro, a component
of the primary motor/adaptor complex that anchors
kinesin to the mitochondrial surface [41]. Moreover, we
recently demonstrated that PINK1 directly phosphory-
lates TAK1, whereas it binds to TRAF6 and TAK1 [16].
In the present work, we found that PINK1 binds to
Tollip and IRAKI, but their functional alterations are
not via direct phosphorylation because wild-type and
kinase-defective PINKI1 influence them to a similar
extent. PINK1’s mechanism of action is analogous to the
well-characterized extracellular signal-regulated kinase 2
(ERK2) that activates poly(ADP-ribose) polymerase 1,
topoisomerase II, and MKP-1 by direct protein inter-
action, independent of its kinase function [42]. In
addition, ERK1 and ERK2 regulate cell cycle entry by dis-
rupting the retinoblastoma pocket protein and laminA
interaction in a kinase-independent fashion [42].

Increasing evidence indicates that PINKI is localized
in both the mitochondria and cytosol [18,19,43,44].
These reports suggest PINK1 has a dual localization and
possibly two different functions, depending on its cellu-
lar localization [44,45]. In the cytoplasm, PINKI forms a
complex with parkin and DJ-1, which promotes the ubi-
quitination and degradation of parkin substrates in
neuroblastoma cells [46]. Furthermore, PINK1 exerts its
cytoprotective function in the mitochondria as well as
in the cytoplasm through activation of mTORC2 and
Akt [40]. In addition, our recent findings [16] and the
current study suggest that an additional role for PINK1
in the cytoplasm is regulation of IL-1B-mediated up-
stream signaling via modulation of multiple targets.

We additionally demonstrated that PINKI1 activates
IRAK1 and facilitates assembly of the IRAK1-TRAF6
complex upon IL-1f stimulation. IRAK1 appears to play
a crucial role in facilitating the multi-protein signaling
complex or signalosome. IRAK1 links the active receptor
complex to the central adaptor and co-activator protein
TRAF6. Thus, IRAK1 may be a switch molecule that
turns on signalosome formation (mediated through
TRAF6 dimerization and TAB2 recruitment) [47]. Spe-
cifically, activation of the TLR/IL-1R signaling cascade
induces rapid IRAK1 autophosphorylation, transient
IRAKI activation with the appearance of higher molecular
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weight forms, and the loss of IRAK1 protein [30]. Decrea-
sed IRAK1 levels correlate with the covalent attachment
of Lys48-linked polyubiquitin and the targeting of IRAK1
for proteasomal degradation. TRAF6 and Pellino par-
ticipate in Lys63-linked polyubiquitination of IRAK1
[24,47,49], which consequently recruits NF-kB essential
modulator for subsequent NF-kB activation [24,25]. In
fact, Tollip overexpression dramatically inhibits IRAK1
kinase activity [7] and suppresses NF-«B activation [6,7,9].

We observed the polyubiquitination of endogenous
IRAK1 increases in PINKI** MEFs, compared with
PINKI1™~ cells. Furthermore, the IRAK1 protein level is
enhanced in PINKI™* MEFs. These data suggest that
PINK1 stimulates Lys63-linked polyubiquitination of
IRAK1, but delays Lys48-linked polyubiquitination of
IRAK1 and proteasomal degradation. In this manner,
upon IL-1B stimulation, PINK1 may facilitate signalo-
some formation containing IRAK1, TRAF6, and TAKI.
These data were further supported by the finding that
Tollip overexpression impairs NF-«B activation, which is
rescued by co-expression of wild-type PINKI.

Several molecules mediate IRAK1 ubiquitination, in-
cluding TRAF6 and Pellino. For example, TRAF6 func-
tions as an E3 ubiquitin ligase, together with Ubc13/
UevlA, which conjugates Lys63-linked polyubiquitin
chains to itself as well as IRAK1 and subsequently
recruits and activates IKK [24]. The three mammalian
Pellino proteins possess C-terminal RING-like domains
that catalyze IRAK polyubiquitination. Pellino proteins
are phosphorylated by IRAK1 and IL-1R-associated kin-
ase 4, which enhances Pellino E3 ligase activity [48]. Fur-
thermore, IRAK1 kinase activity promotes the Pellino
protein degradation and this might be an important
regulatory mechanism that controls TLR signaling. A re-
cent report proposed that Pellino3 negatively regulates
TAK1-mediated activation of NF-xB, with inhibitory
effects dependent on Pellino3-mediated Lys63-linked
polyubiquitination of IRAK1 [49]. The authors pro-
pose that, upon IL-1f stimulation, Pellino3-mediated
Lys63-linked IRAK polyubiquitination competes with
Lys48-linked IRAK polyubiquitination for the same
ubiquitination site, Lys134 of IRAK. Pellino3 therefore
blocks IRAK degradation and thus inhibits IL-1-
induced NF-«B activation.

PINKI1 also stimulates signalosome complex forma-
tion, involving IRAK1, TRAF6, and TAK1. In addition,
IL-1R-associated kinase 4 binds and phosphorylates
IRAK1 at Thr209, Thr387, and Ser376 residues, which
triggers IRAK1 autophosphorylation within the N-
terminal ProST region, its dissociation from MyDS88,
and subsequent formation of an intermediary signalo-
some complex at the plasma membrane [21,25,28,50].

Taken together, the results of the present study suggest
that PD-linked PINK1 positively regulates the early events
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of IL-1B-induced signaling. These findings further imply
that PINKI can contribute to PD pathogenesis by affec-
ting the accompanying inflammatory response.

Conclusions

While inflammation largely contributes to the pathogen-
esis of PD, the functional link between PINK1 and PD-
linked neuroinflammation remains poorly understood.
We previously revealed that PINK1 stimulates the IL-1p
response by positively regulating two components of IL-
1B-mediated downstream signaling, TRAF6 and TAKI.
In the present study, we investigated whether PINK1
additionally affects other upstream molecules in the
IL-1B signaling pathway as well as the formation of
the intermediate signalosome complex. Here we show
that PINK1 stimulates IL-1B-induced signaling via sup-
pression of Tollip inhibitory action, potentiation of Lys63-
linked IRAK1 ubiquitination, and facilitation of an
intermediate signalosome complex formation containing
IRAK1, TRAF6, and TAKI1. These results suggest that
PINK1 effectively modulates several sequential steps of
IL-1P signaling through direct binding to multiple up-
stream and downstream proteins in IL-1p-mediated sig-
naling pathway and modulating their interactions. The
present studytherefore additionally suggests that PINK1
may contribute to the pathogenesis of PD by affecting
the accompanying inflammatory response.

Abbreviations

DMEM: Dulbecco’s modified Eagle’s medium; ERK: Extracellular signal-
regulated kinase; FBS: Fetal bovine serum; FCS: Fetal calf serum;

FITC: Fluorescein isothiocyanate; HEK293: Human embryonic kidney 293;
IKK: IkB kinase; IL: Interleukin; IL-1R: IL-1 receptor; IRAKT: IL-1 receptor-
associated kinase 1; MEF: Mouse embryonic fibroblast; MyD88: Myeloid
differentiation factor 88; NF: Nuclear factor; PBS: Phosphate-buffered saline;
PD: Parkinson disease; PINK1: PTEN-induced putative kinase 1;

TAK1: Transforming growth factor-f activated kinase1; TLR: Toll-like receptor;
TNF: Tumor necrosis factor; Tollip: Toll-interacting protein; TRAF6: TNF
receptor-associated factor 6; TRITC: Tetramethylrhodamineiso-thiocyanate.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

HIJL designed the study, carried out the whole experiments, analyzed data,
and drafted the manuscript. KCC designed the study, analyzed data, and
wrote manuscript. Both authors read and approved the final manuscript.

Acknowledgments

The authors thank J Chung, K Nakayama, and G Takaesu for providing
plasmids. They are also grateful to G Takaesu for providing 293 IL-1RI cells
and to J Shen for the PINK1™~ and PINK1*/* MEFs. This work was supported
by grants from the Basic Science Research Program through the National
Research Foundation (NRF) of Korea (2012-0000810 to KCC) and from the
Brain Research Center of the 21st Century Frontier Research Program (2009K-
001251 to KCC), all funded by the Ministry of Education, Science and
Technology, Republic of Korea. This work was also supported by a NRF grant
(2012RTATA2021749 to KCQ), and partially by grants from the Korea
Healthcare Technology R&D Project (A092004 and A111653 to KCC), Ministry
for Health, Welfare & Family Affairs, Republic of Korea.

Received: 22 September 2012 Accepted: 16 November 2012
Published: 17 December 2012

Page 11 of 12

References

1. Olanow CW, Tatton WG: Etiology and pathogenesis of Parkinson'’s
disease. Annu Rev Neurosci 1999, 22:123-144.

2. Valente EM, Abou-Sleiman PM, Caputo V, Mugit MM, Harvey K, Gispert S, Ali
Z, Del Turco D, Bentivoglio AR, Healy DG, Albanese A, Nussbaum R,
Gonzélez-Maldonado R, Deller T, Salvi S, Cortelli P, Gilks WP, Latchman DS,
Harvey RJ: Hereditary early-onset Parkinson's disease caused by
mutations in PINK1. Science 2004, 21:1158-1160.

3. Gasser T: Update on the genetics of Parkinson's disease. Mov Disord 2007,
17:5343-S350.

4. Hirsch EC, Hunot S: Neuroinflammation in Parkinson's disease: a target
for neuroprotection? Lancet Neurol 2009, 8:382-397.

5. Takeda K, Akira S: Toll-like receptors in innate immunity. Int Immunol 2005,
17:1-14.

6. Burns K, Clatworthy J, Martin L, Martinon F, Plumpton C, Maschera B, Lewis
A, Ray K, Tschopp J, Volpe F: Tollip, a new component of the IL-1RI
pathway, links IRAK to the IL-1 receptor. Nat Cell Biol 2000, 2:346-351.

7. Zhang G, Ghosh S: Negative regulation of toll-like receptor-mediated
signaling by tollip. J Biol Chem 2002, 277:7059-7065.

8. Li T, HuJ, Li L: Characterization of tollip protein upon lipopolysaccharide
challenge. Mol Immunol 2004, 41:35-92.

9. BulutY, Faure E, Thomas L, Equils O, Arditi M: Cooperation of toll-like
receptor 2 and 6 for cellular activation by soluble tuberculosis factor and
Borrelia burgdorferi outer surface protein a lipoprotein: role of toll-
interacting protein and IL-1 receptor signaling molecules in toll-like
receptor 2 signaling. J Immunol 2001, 167:987-994.

10. Burns K, Janssens S, Brissoni B, Olivos N, Beyaert R, Tschopp J: Inhibition of
interleukin 1 receptor/toll-like receptor signaling through the
alternatively spliced, short form of MyD88 is due to its failure to recruit
IRAK-4. J Exp Med 2003, 197:263-268.

11, Kobayashi K, Hernandez LD, Galén JE, Janeway CA Jr, Medzhitov R, Flavell
RA: IRAK-M is a negative regulator of toll-like receptor signaling. Cell
2002, 110:191-202.

12. Muzio M, Ni J, Feng P, Dixit VM: IRAK (pelle) family member IRAK-2 and
MyD88 as proximal mediators of IL-1 signaling. Science 1997, 278:1612-1615.

13. Burns K, Martinon F, Esslinger C, Pahl H, Schneider P, Bodmer JL, Di Marco F,
French L, Tschopp J: MyD88, an adapter protein involved in interleukin-1
signaling. J Biol Chem 1998, 273:12203-12209.

14. Wesche H, Henzel WJ, Shillinglaw W, Li S, Cao Z: MyD88: an adapter that
recruits IRAK to the IL-1 receptor complex. Immunity 1997, 7:837-847.

15. Neumann D, Lienenklaus S, Rosati O, Martin MU: IL-1B-induced
phosphorylation of PKB/Akt depends on the presence of IRAK-1. Fur J
Immunol 2002, 32:3689-3698.

16. Lee HJ, Jang SH, Kim H, Yoon JH, Chung KC: PINK1 stimulates interleukin-
1B-mediated inflammatory signaling via the positive regulation of TRAF6
and TAK1. Cell Mol Life Sci 2012, 69:3301-3315.

17. Um JW, Stichel-Gunkel C, Libbert H, Lee G, Chung KC: Molecular
interaction between parkin and PINK1 in mammalian neuronal cells. Mol
Cell Neurosci 2009, 40:421-432.

18. Silvestri L, Caputo V, Bellacchio E, Atorino L, Dallapiccola B, Valente EM,
Casari G: Mitochondrial import and enzymatic activity of PINK1 mutants
associated to recessive parkinsonism. Hum Mol Genet 2005, 14:3477-3492.

19. Beilina A, Van Der Brug M, Ahmad R, Kesavapany S, Miller DW, Petsko GA,
Cookson MR: Mutations in PTEN-induced putative kinase 1 associated
with recessive parkinsonism have differential effects on protein stability.
Proc Natl Acad Sci USA 2005, 102:5703-5708.

20.  Yamakami M, Yokosawa H: Tom1 (Target of Myb 1) is a novel negative
regulator of interleukin-1- and tumor necrosis factor-induced signaling
pathways. Biol Pharm Bull 2004, 27:564-566.

21, Cao Z, Henzel WJ, Gao X: IRAK: a kinase associated with the interleukin-1
receptor. Science 1996, 23:1128-1131.

22. Image J. http/rsb.info.nih.gov/ij/.

23. Takeda K, Akira S: TLR signaling pathways. Semin Immunol 2004, 16:3-9.

24.  Conze DB, Wu CJ, Thomas JA, Landstrom A, Ashwell JD: Lys63-linked
polyubiquitination of IRAK-1 is required for interleukin-1 receptor- and
toll-like receptor-mediated NF-kB activation. Mo/ Cell Biol 2008, 28:3538—
3547.

25. Windheim M, Stafford M, Peggie M, Cohen P: Interleukin-1 (IL-1) induces
the Lys63-linked polyubiquitination of IL-1 receptor-associated kinase 1
to facilitate NEMO binding and the activation of IkB-a kinase. Mol Cell
Biol 2008, 28:1783-1791.


http://rsb.info.nih.gov/ij/

Lee and Chung Journal of Neuroinflammation 2012, 9:271
http://www.jneuroinflammation.com/content/9/1/271

26.

27.

28.

29.
30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

Ninomiya-Tsuji J, Kishimoto K, Hiyama A, Inoue J, Cao Z, Matsumoto K: The
kinase TAK1 can activate the NIK-IkB as well as the MAP kinase cascade
in the IL-1 signaling pathway. Nature 1999, 398:252-256.

Takaesu G, Kishida S, Hiyama A, Yamaguchi K, Shibuya H, Irie K, Ninomiya-
Tsuji J, Matsumoto K: TAB2, A novel adaptor protein, mediates activation
of TAK1 MAPKKK by linking TAK1 to TRAF6 in the IL-1 signal
transduction pathway. Mol Cell 2000, 5:649-658.

Jiang Z, Ninomiya-Tsuji J, Qian Y, Matsumoto K, Li X: Interleukin-1 (IL-1)
receptor-associated kinase-dependent IL-1-induced signaling complexes
phosphorylate TAK1 and TAB2 at the plasma membrane and activate
TAK1 in the cytosol. Mol Cell Biol 2002, 22:7158-7167.

Hayden MS, Ghosh S: Signaling to NF-kB. Genes Dev 2004, 18:2195-224.
Yamin TT, Miller DK: The interleukin-1 receptor-associated kinase is
degraded by proteasomes following its phosphorylation. J Biol Chem
1997, 272:21540-21547.

Li S, Strelow A, Fontana EJ, Wesche H: IRAK-4: a novel member of the IRAK
family with the properties of an IRAK-kinase. Proc Natl Acad Sci USA 2002,
99:5567-5572.

Brissoni B, Agostini L, Kropf M, Martinon F, Swoboda V, Lippens S, Everett H,
Aebi N, Janssens S, Meylan E, Felberbaum-Corti M, Hirling H, Gruenberg J,
Tschopp J, Burns K: Intracellular trafficking of interleukin-1 receptor |
requires tollip. Curr Biol 2006, 16:2265-2270.

Katoh Y, Shiba Y, Mitsuhashi H, Yanagida Y, Takatsu H, Nakayama K: Tollip
and Tom1 form a complex and recruit ubiquitin-conjugated proteins
onto early endosomes. J Biol Chem 2004, 279:24435-24443,

Yamakami M, Yoshimori T, Yokosawa H: Tom1, A VHS domain-containing
protein, interacts with tollip, ubiquitin, and clathrin. J Bio/ Chem 2003,
278:52865-52872.

Ciarrocchi A, D'Angelo R, Cordiglieri C, Rispoli A, Santi S, Riccio M, Carone S,
Mancia AL, Paci S, Cipollini E, Ambrosetti D, Melli M: Tollip is a mediator of
protein sumoylation. PLoS One 2009, 4:e4404.

Lee JY, Lee HJ, Lee EJ, Jang SH, Kim H, Yoon JH, Chung KC: Down
syndrome candidate region-1 protein interacts with tollip and positively
modulates interleukin-1 receptor-mediated signaling. Biochim Biophys
Acta 2009, 1790:1673-1680.

Plun-Favreau H, Klupsch K, Moisoi N, Gandhi S, Kjaer S, Frith D, Harvey K,
Deas E, Harvey RJ, McDonald N, Wood NW, Martins LM, Downward J: The
mitochondrial protease HtrA2 is regulated by Parkinson's disease-
associated kinase PINK1. Nat Cell Biol 2007, 9:1243-1252.

Deas E, Wood NW, Plun-Favreau H: Mitophagy and Parkinson's disease:
the PINK1-parkin link. Biochim Biophys Acta 2011, 1813:623-633.

Murata H, Sakaguchi M, Jin Y, Sakaguchi Y, Futami J, Yamada H, Kataoka K,
Huh NH: A new cytosolic pathway from a Parkinson disease-associated
kinase, BRPK/PINK1: activation of AKT via mTORC2. J Biol Chem 2011,
286:7182-7189.

Pridgeon JW, Olzmann JA, Chin LS, Li L: PINK1 protects against oxidative
stress by phosphorylating mitochondrial chaperone TRAP1. PLoS Biol
2007, 5:e172.

Wang X, Winter D, Ashrafi G, Schlehe J, Wong YL, Selkoe D, Rice S, Steen J,
LaVoie MJ, Schwarz TL: PINK1 and parkin target miro for phosphorylation
and degradation to arrest mitochondrial motility. Cell 2011, 147:893-906.
Rodriguez J, Crespo P: Working without kinase activity: phosphotransfer-
independent functions of extracellular signal-regulated kinases. Sci Signal
2011, 4re3.

Petit A, Kawarai T, Paitel E, Sanjo N, Maj M, Scheid M, Chen F, Gu Y,
Hasegawa H, Salehi-Rad S, Wang L, Rogaeva E, Fraser P, Robinson B, St
George-Hyslop P, Tandon A: Wild-type PINK1 prevents basal and induced
neuronal apoptosis, a protective effect abrogated by Parkinson disease-
related mutations. J Bio/ Chem 2005, 280:34025-34032.

Takatori S, Ito G, lwatsubo T: Cytoplasmic localization and proteasomal
degradation of N-terminally cleaved form of PINK1. Neurosci Lett 2008,
430:13-17.

Lin W, Kang UJ: Characterization of PINK1 processing, stability, and
subcellular localization. J Neurochem 2008, 106:464-474.

Xiong H, Wang D, Chen L, Choo YS, Ma H, Tang C, Xia K, Jiang W, Ronai Z,
Zhuang X, Zhang Z: Parkin, PINK1, and DJ-1 form a ubiquitin E3 ligase
complex promoting unfolded protein degradation. J Clin Invest 2009,
119:650-660.

Martin MU, Wesche H: Summary and comparison of the signaling
mechanisms of the toll/interleukin-1 receptor family. Biochim Biophys
Acta 2002, 1592:265-280.

Page 12 of 12

48. Ordureau A, Smith H, Windheim M, Peggie M, Carrick E, Morrice N, Cohen P:
The IRAK-catalysed activation of the E3 ligase function of pellino
isoforms induces the Lys63-linked polyubiquitination of IRAK1. Biochem J
2008, 409:43-52.

49. Xiao H, Qian W, Staschke K, Qian Y, Cui G, Deng L, Ehsani M, Wang X, Qian
YW, Chen ZJ, Gilmour R, Jiang Z, Li X: Pellino 3b negatively regulates
interleukin-1-induced TAK1-dependent NF-kB activation. J Biol Chem
2008, 283:14654-14664.

50. Kollewe C, Mackensen AC, Neumann D, Knop J, Cao P, Li S, Wesche H,
Martin MU: Sequential autophosphorylation steps in the interleukin-1
receptor-associated kinase-1 regulate its availability as an adapter in
interleukin-1 signaling. J Biol Chem 2004, 279:5227-5236.

doi:10.1186/1742-2094-9-271
Cite this article as: Lee and Chung: PINK1 positively regulates IL-1(3-
mediated signaling through Tollip and IRAKT modulation. Journal of
Neuroinflammation 2012 9:271.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central




	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Materials
	DNA constructs
	Cell culture and DNA transfection
	Immunoprecipitation and immunoblot assay
	Immunocytochemistry
	Luciferase reporter assay
	Statistical analysis

	Results
	PINK1 physically interacts with Tollip and IRAK1 in mammalian cells
	PINK1 facilitates the dissociation of Tollip–IRAK1 complex
	PINK1 facilitates Lys63-linked polyubiquitination of IRAK1
	PINK1 promotes assembly of IRAK1–TRAF6 complex
	PINK1 enhances formation of the intermediate signalosome, including IRAK1, TRAF6 and TAK1, upon IL-1β stimulation
	PINK1 potentiates NF-κB activity via Tollip suppression in response to IL-1β

	Discussion
	Abbreviations
	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


