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Parkin Mediates Neuroprotection through Activation of IkB
Kinase/Nuclear Factor-«B Signaling
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Mutations in the parkin gene are a major cause of autosomal recessive Parkinson’s disease. Here we show that the E3 ubiquitin ligase
parkin activates signaling through the IkB kinase (IKK)/nuclear factor kB (NF-«B) pathway. Our analysis revealed that activation of this
signaling cascade is causally linked to the neuroprotective potential of parkin. Inhibition of NF-«B activation by an IkB super-repressor
or a kinase-inactive IKKf interferes with the neuroprotective activity of parkin. Furthermore, pathogenic parkin mutants with an
impaired neuroprotective capacity show a reduced ability to stimulate NF-«B-dependent transcription. Finally, we present evidence that
parkin interacts with and promotes degradation-independent ubiquitylation of IKK-y/NEMO (NF-«B essential modifier) and TRAF2
[TNF (tumor necrosis factor) receptor-associated factor 2], two critical components of the NF-«B pathway. Thus, our results support a
direct link between the neuroprotective activity of parkin and ubiquitin signaling in the IKK/NF-«B pathway.
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Introduction

Among the genes that are responsible for monogenic familial
variants of Parkinson’s disease (PD), the parkin gene (PARK2)
seems to play a prominent role accounting for the majority of
autosomal recessive PD cases (Mata et al., 2004; West and Maid-
ment, 2004). Parkin, a 465 amino acid E3 ubiquitin ligase, is
characterized by an ubiquitin-like (UBL) domain at the N termi-
nus and a RING box close to the C terminus (Kitada et al., 1998).
A consistent observation in cell culture and animal models is the
neuroprotective capacity of parkin. Parkin has been shown to
protect cultured cells against cell death induced by kainate, pro-
teasomal inhibition, a-synuclein, ceramide, manganese, dopa-
mine, and unfolded protein stress (Imai et al., 2000; Petrucelli et
al., 2002; Darios et al., 2003; Staropoli et al., 2003; Higashi et al.,
2004; Jiang et al., 2004; Mugit et al., 2004). In Drosophila, over-
expression of parkin can suppress loss of dopaminergic neurons
induced by a-synuclein or Pael-R (parkin-associated endothelin-
like receptor) (Yang et al., 2003; Haywood and Staveley, 2004).
Furthermore, lentiviral delivery of parkin prevents dopaminergic
degeneration caused by mutant a-synuclein in a rat model and
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protects mouse skeletal muscle cells against mitochondrial toxins
(Lo Bianco et al., 2004; Rosen et al., 2006).

To gain insight into the mechanism underlying the broad neu-
roprotective capacity of parkin, we investigated a possible role of
parkin in stress response pathways. This analysis revealed that
parkin specifically activates the nuclear factor-«B (NF-«B) path-
way and that this pathway is essential for the neuroprotective
action of parkin. NF-«B transcription factors regulate various
biological processes, including apoptosis, differentiation, and
immunity. Although almost ubiquitously expressed, NF-kB pro-
teins are inhibited by their association with IkBs (Hayden and
Ghosh, 2004). Many stimuli activate NF-«B through distinct up-
stream pathways that converge at the I«B kinase (IKK) complex,
consisting of two catalytic (IKKa and IKKB) and one regulatory
[IKKy/NEMO (NF-kB essential modifier)] subunit. Classical
IKK/NF-kB signaling involves IKKB/y-mediated phosphoryla-
tion of IkBs, which targets the inhibitors for ubiquitylation and sub-
sequent proteasomal degradation. Recent research has established a
major role for ubiquitylation in the regulation of IKK/NF-«B signal-
ing pathways (for review, see Ravid and Hochstrasser, 2004; Chen,
2005; Haglund and Dikic, 2005; Krappmann and Scheidereit, 2005).
Besides the well known role of lysine 48 (K48)-linked polyubig-
uitylation in the regulation of IkB degradation and precursor
proteolysis, activation of the IKK complex and other upstream
regulators, such as TRAF2 [tumor necrosis factor (TNF)
receptor-associated factor] and TRAF6, is dependent on the as-
sembly of lysine 63 (K63)-linked ubiquitin chains.

NEF-«B is present throughout the nervous system, and there is
accumulating evidence that the NF-«B signaling pathway plays a
central role in neuronal integrity and synaptic plasticity (for re-
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view, see Karin and Lin, 2002). Importantly, recent cell culture
and animal models established a role of NF-«kB in preventing
neuronal death induced by oxidative stress, excitotoxicity, isch-
emia, or glucose deprivation (for review, see Mattson et al., 2000;
Kaltschmidt et al., 2005). In this study, we identified parkin as a
novel activator of IKK/NF-kB signaling, suggesting that parkin
mediates its neuroprotective effect by modulating ubiquitin sig-
naling in the IKK/NF-«kB pathway.

Materials and Methods

DNA constructs. The following constructs were described previously:
wild-type (wt) human parkin, full-length parkin (M80T), AN parkin
(A1-79), and the pathogenic parkin mutants R42P and G430D (Win-
klhofer et al., 2003; Henn et al., 2005), FLAG-IKK K/A, FLAG-TRAF2,
and FLAG-TRAF6 (Krappmann et al., 2000), FLAG-IKKy (Tegethoff et
al., 2003), FLAG-TRAF2AN (Rothe et al., 1995), hemagglutinin (HA)—
wt—ubiquitin and FLAG-IkBAN (Krappmann et al., 1996), HA-K48-
only and HA-K63-only ubiquitin (Evans et al., 2004), heat shock element
(HSE)-luciferase (Luc) (Winklhofer et al., 2001), and NF-«kB-Luc
(Krappmann et al., 2001). The phosphorylated forms of enhanced yellow
fluorescent protein (EYFP) and enhanced green fluorescent protein were
purchased from Clontech (Mountain View, CA).

Antibodies and reagents. The following antibodies were used: anti-
parkin hP1 polyclonal antibody (pAb) (Winklhofer et al., 2003), anti-
parkin pAb (catalog #2132; Cell Signaling Technology, Danvers, MA),
anti-parkin PRK28 and PRK8 monoclonal antibody (mAb) (Pawlyk et
al., 2003), anti-HA mAb (12CAS5; Hiss Diagnostics, Freiburg, Germany),
anti-HA pAb (H 6908; Sigma, Taufkirchen, Germany), anti-ACTIVE
caspase-3 pAb (Promega, Mannheim, Germany), cyanine 3 (Cy3)-
conjugated anti-rabbit IgG antibody (Dianova, Hamburg, Germany),
FITC-conjugated anti-mouse IgG antibody (Sigma), anti-FLAG M2
mAb (Sigma), anti-a-tubulin mAb (N356; Amersham Biosciences,
Freiburg, Germany), anti-B-actin mAb (AC-74; Sigma), anti-TRAF2
mAb (33a1293; Abcam, Cambridge, UK), anti-TRAF2 pAb (C-20; Santa
Cruz Biotechnology, Heidelberg, Germany), anti-IKKy mAb (B-3; Santa
Cruz Biotechnology), anti-IKKy pAb (FL-419; Santa Cruz Biotechnol-
ogy), anti-p65 pAb (C-20; Santa Cruz Biotechnology), and horseradish
peroxidase (HRP)-conjugated anti-mouse and anti-rabbit IgG antibody
(Amersham Biosciences). Glutamate, rotenone, and phorbol 12-
myristate 13-acetate (PMA) were purchased from Sigma, kainic acid was
from Calbiochem (Darmstadt, Germany), recombinant human TNF«a
was from Biomol (Hamburg, Germany), and complete protease inhibi-
tor cocktail was from Roche (Mannheim, Germany).

Cell culture and transfection. SH-SY5Y and HEK293T (CRL-1573;
American Type Culture Collection, Manassas, VA) cells were cultivated
and transfected as described previously (Henn et al., 2005). Fibroblasts
from a PARK2 patient were described previously (Nakaso et al., 2006).

Preparation and cultivation of primary rat cortical neurons. Cortices
were removed from the brains of embryonic day 18 rats, and cells were
dissociated by mild trypsination and trituration as described previously
(Mattson et al., 1993). The dissociated neurons were then seeded onto
polyethyleneimine-coated 60 mm culture dishes and grown in Neuro-
basal medium (Invitrogen, Karlsruhe, Germany) supplemented with 5
mum HEPES, 1.2 mm glutamine, B27 supplement (20 ml/L; Invitrogen),
and gentamicin (0.1 mg/ml). All experimental treatments were per-
formed on 8- to 10-d-old cultures, at which time they contained <5%
astrocytes as determined previously by GFAP immunocytochemistry. To
induce glutamate excitotoxicity, neurons were exposed to 5 and 10 um
glutamate in EBSS medium (6800 mg/L NaCl, 400 mg/L KCI, 264 mg/L
CaCl, * 2H,0, 200 mg/L MgCl, - 7H,0, 2200 mg/L NaHCO,, and 140
mg/L NaH,PO, - H,O, pH 7.2) with 10 mwm glucose. After the indicated
time, cells were harvested for RNA extraction as described below.

Western blot analysis and metabolic labeling. Protein analysis by West-
ern blotting and metabolic labeling of cellular proteins were performed
asdescribed previously (Henn et al., 2005). For the detection, we used the
enhanced chemiluminescence detection system (Amersham Bio-
sciences) or the Immobilon Western chemiluminescent HRP substrate
(Millipore, Schwalbbach, Germany).
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Figure1.  Parkinis a stress-inducible protein with neuroprotective capacity. 4, B, Parkin has

a neuroprotective capacity in cultured cells. 4, SH-SY5Y cells were cotransfected with EYFP and
wtparkin. At 24 h after transfection, cells were incubated with kainate (500 tum) or rotenone (10
M) at 37°Cfor 3 h, fixed, permeabilized, and analyzed by indirect immunofluorescence. Acti-
vation of caspase-3 was detected using the anti-ACTIVE caspase-3 pAb. Shown is the percent-
age of apoptotic cells among the transfected cells. B, SH-SY5Y cells were cotransfected with
EYFP and either wt parkin or the parkin mutants indicated. At 24 h after transfection, cells were
incubated with kainate (500 wum) at 37°Cfor 3 h and analyzed by indirect immunofluorescence
as described in A. *p < 0.01, **p < 0.001 compared with cells expressing wt parkin. As a
control for parkin expression, an aliquot of the cell lysates was immunoblotted with the anti-
parkin pAb hP1 (bottom). C~F, Endogenous parkin is uprequlated after cellular stress. SH-SY5Y
cells were incubated with 50 wum kainate (€) or 1 um rotenone (D) for 3 h. Cells were harvested
5,8, 12, and 24 h after the drug treatment, respectively. Total cellular RNA was isolated and
subjected to quantitative RT-PCR using parkin-specific primers. The amount of RNA of each
sample was normalized with respect to the endogenous housekeeping control gene 3-actin.
Shown is the fold increase in the amount of parkin-specific mRNA compared with the untreated
control. E, Primary cortical neurons derived from embryonic rat brain were incubated with
glutamate (5 or 10 wm) for 6 h and then analyzed as described in Cand D. F, SH-SY5Y cells were
treated with rotenone (1 um, 3 h) or mock treated, and expression of endogenous parkin was
analyzed by Western blotting using the PRK8 mAb.

Immunoprecipitation. Cells were washed twice with cold PBS, scraped
off the plate, pelleted by centrifugation, and lysed in cold lysis buffer A
(0.1% Triton X-100 in PBS, supplemented with protease inhibitor cock-
tail). Cell lysates were cleared by centrifugation (16,000 X g, 20 min,
4°C), and equal amounts of protein of the detergent-soluble fraction
were incubated overnight at 4°C with the antibody indicated. The anti-
gen—antibody complexes were captured by the addition of immobilized
protein A or G (Pierce, Bonn, Germany) and then washed three times
with lysis buffer. Proteins present in the immunoprecipitates were re-
leased from the protein A/G-beads by the addition of Laemmli sample
buffer containing 1% SDS and heating at 100°C for 5 min.

Immunofluorescence and confocal microscopy. SH-SY5Y cells were
grown on glass coverslips, transfected, fixed 16 h after transfection in 3%



1870 - J. Neurosci., February 21, 2007 - 27(8):1868 —1878

D
35 NF-xB-Luc
A 30
35 HSE-Luc
25
30 H
c
5
g g
S 20 E1s5
° k-]
£ 15 ]
b} 10
3 10
g "
0 ]
EYFP  wtparkin heat shock EYFP  wtparkin  EYFP  wt parkin
+ TNFa 25 ngiml
B
8 NF-xB-Luc
7
g6 E vector wt parkin
£ 5
3 )
o Q)
24 TNFa n"'o"e&e" e“e“odaed:p
z 3 [ng/ml]
£ 2
1
0
EYFP  wtparkin  PMA '
10 ng/ml
C
14 NF-xB-Luc
12
c 10
3
]
E
£
S
=)
2
0
EYFP wt parkin EYFP wt parkln
+PMA 5 ng/ml
Figure2. Parkin stimulates NF-«B-dependent transcription. 4, HEK293T cells were cotrans-

fected with a reporter plasmid encoding luciferase under control of an HSF1-inducible promoter
(HSE-Luc) and wt parkin. At 24 h after transfection, the cells were subjected to a heat shock
(42°Cfor 15 min), returned to 37°C, and harvested after an additional 16 h. Shown is the fold
induction of luciferase activity compared with the EYFP control. B, HEK293T cells were cotrans-
fected with a reporter plasmid encoding luciferase under control of an NF-kB-responsive pro-
moter (NF-kB—Luc) and wt parkin. At 24 h after transfection, the cells were incubated with PMA
(10 ng/ml) at 37°C for 3 h and further incubated at 37°Cfor 16 h. (—E, Parkin sensitizes cells to
NF-kB-activating stimuli. C, D, HEK293T cells were cotransfected with NF-«B-Luc and wt
parkin. At 24 h after transfection, the cells were incubated with TNFa (25 ng/ml; €) or PMA (5
ng/ml; D) at 37°Cand harvested after 7 h. E, HEK293T cells transfected with either wt parkin or
vector were incubated with TNFc for 30 min. Nuclear extracts were prepared and probed for
NF-«B binding activity by an electrophoretic mobility shift assay. The higher-molecular-weight
complex contains p65 as determined by supershift experiments (data not shown).

paraformaldehyde and 3% sucrose in PBS for 10 min at room tempera-
ture, and permeabilized with 0.1% Triton X-100. Fixed cells were incu-
bated with primary antibody (diluted in 1% BSA and 10% goat serum)
for 1 h at room temperature. For double staining, antibody incubations
were performed sequentially. After washes with PBS, the coverslips were
incubated with Cy3- or FITC-conjugated secondary antibodies. Finally,
cells were embedded in Mowiol mounting medium (Calbiochem) sup-
plemented with 4’,6'-diamidino-2-phenylindole (DAPI). Images were
obtained on a Leica (Wetzlar, Germany) DM IRE2 confocal microscope
and evaluated with the Leica confocal software version 2.6.1.

Apoptosis assay. SH-SY5Y cells were grown on glass coverslips. At 24 h
after transfection, cells were incubated with kainate (500 um) or rote-
none (10 um) for 3 h. The cells were then fixed with 3% paraformalde-
hyde for 20 min, permeabilized with 0.2% Triton X-100 for 10 min at
room temperature, and blocked with 5% horse serum, 0.1% Tween 20 in
PBS for 1 h at room temperature. Fixed cells were incubated with anti-
ACTIVE caspase-3 antibody overnight at 4°C, followed by an incubation
with Cy3-conjugated secondary antibody for 1 h at room temperature.
After extensive washing, cells were mounted onto glass slides and exam-
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Figure 3.  Pathogenic parkin mutations decrease the NF-xB-activating potential of parkin.

HEK293T cells cotransfected with the NF-kB reporter plasmid and either wt parkin or the parkin
mutants indicated were harvested 24 h after transfection. Shown is the fold induction of lucif-
erase activity compared with the EYFP control. *p << 0.01, **p << 0.001, ***p < 0.0001
compared with cells expressing wt parkin. As a control for parkin expression, an aliquot of the
cell lysates was immunoblotted with the anti-parkin pAb hP1 (bottom panels). c-Tubulin was
used as a loading control.

ined by fluorescence microscopy using a Zeiss (Jena, Germany) Axio-
scope2 plus microscope. To detect cells undergoing apoptosis, the num-
ber of activated caspase-3-positive cells of at least 300 transfected cells
was determined. Quantifications were based on at least three indepen-
dent experiments.

Luciferase assay. Luciferase reporter plasmid (HSE-Luc or NF-«kB—
Luc) and wt parkin or the indicated parkin mutants were cotransfected
into HEK293T or SH-SY5Y cells. At 24 h after transfection, cells were
heat shocked (HSE-Luc) at 42°C for 15 min and further incubated at
37°C for 16 h, or incubated with the agents indicated (NF-«kB-Luc) at
37°C for 3 h and harvested after additional 8—16 h. Luciferase activity of
cell lysates was determined luminometrically by the dual-luciferase assay
system (Promega) as specified by the manufacturer. Each transfection
was performed in triplicate, and all experiments were repeated at least
three times.

RNA interference. Human parkin was targeted with Stealth small inter-
fering RNA (siRNA) duplex 1 synthesized by Invitrogen (sense 5'-
UUCGCAGGUGACUUUCCUCUGGUCA-3"); Stealth siRNA negative
control duplex was used as a control. siRNA duplexes were transfected
into HEK293T cells using Lipofectamine 2000 (Invitrogen) according to
the protocol of the manufacturer.

Ubiquitylation assay. Full-length parkin, HA-tagged ubiquitin, or the
indicated ubiquitin mutants and either FLAG-tagged IKKy or TRAF2
were cotransfected into HEK293T cells. One day after transfection, pro-
tein extracts were prepared in denaturing lysis buffer (50 mwm Tris/HCI,
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Figure 4.  The effect of parkin on NF-kB-dependent transcription can be antagonized by
dominant-negative kB or kinase-inactive IKK/3. A, HEK293T cells were cotransfected with
NF-B reporter plasmid, wt parkin, and the NF-«B super-repressor |kBAN. At 24 h after trans-
fection, celllysates were analyzed for luciferase activity. Shown s the fold induction of luciferase
activity compared with the EYFP control. As a control for protein expression, aliquots of the cell
lysates were immunoblotted with the anti-parkin pAb hP1 and anti-FLAG mAb (bottom pan-
els). a-Tubulin was used as a loading control. B, HEK293T cells were cotransfected with the
NF-«B reporter plasmid, wt parkin, and the kinase-inactive IKK3 mutant IKK3 K/A. Luciferase
assay and immunoblotting were performed as described in A.

pH 7.4, 5 mm EDTA, 1% SDS, 15 U/ml DNase I, and protease inhibitor
cocktail) and boiled for 5 min. Protein extracts were diluted 1:10 with
nondenaturing lysis buffer (50 mwm Tris/HCI, pH 7.4, 300 mm NaCl, 5 mm
EDTA, 1% Triton X-100, and protease inhibitor cocktail), and immuno-
precipitation was performed as described above. Proteins present in the
immunoprecipitates were analyzed by Western blotting using an
anti-HA antibody.

Real-time PCR. SH-SY5Y cells were incubated with 1 uM rotenone or
50 uM kainate for 3 h. Cells were harvested 5, 8, 12, and 24 h after drug
treatment, respectively. Primary rat cortical neurons were incubated with
5 or 10 um glutamate for 6 h and then harvested. Total cellular RNA was
isolated and treated with DNase I according to the instructions of the
manufacturer (RNeasy mini kit; Qiagen, Hilden, Germany). cDNA was
synthesized from 1 pg of total RNA using iScript cDNA Synthesis kit
(Bio-Rad, Munich, Germany). Each quantitative PCR (20 ul) included 2
wl of cDNA solution, 2X TagMan Universal PCR Master Mix, and Taq-
Man Gene Expression Assay (parkin; Hs01038827-m1; Applied Biosys-
tems, Foster City, CA). For rat neurons, quantitative PCR was performed
with 2X Power SYBR Green PCR Master Mix (Applied Biosystems) and
1 um of each primer pair (rat parkin forward primer, 5'-AGA CAA GCA
ACC CTC ACC TT-3'; rat parkin reverse primer, 5'-TGG CAC TCT
CCA CTC ATC C-3'; rat B-actin forward primer, 5'- CTC TCT TCC
AGC CTT CCT TC-3'; rat B-actin reverse primer, 5'-GGT CTT TAC
GGA TGT CAA CG-3'"). Quantification was performed with 7500 Fast
Real Time System (Applied Biosystems). Triplicates were performed
with each primer set for each RNA sample. RNA expression was normal-
ized with respect to B-actin (P/N 4326315 E; Applied Biosystems). Rela-
tive expression was calculated for each gene using the AAC method.

Electrophoretic mobility shift assays. To prepare nuclear extracts, cells
were scraped into ice-cold PBS and pelleted by brief centrifugation. Cell
pellets were resuspended in three packed cell volumes of hypotonic cell
lysis buffer (20 mm HEPES, pH 7.9, 10 mm KCl, 5 mm MgCl,, 0.5 mm
EDTA, 0.1% Triton X-100, 20% glycerol, and 2 mm DTT). After 10 min
incubation on ice, the nuclei were pelleted by centrifugation for 5 min at
1000 rpm at 4°C. The nuclei were resuspended in three pellet volumes of
high-salt buffer (20 mm HEPES, pH 7.9, 10 mm KCI, 5 mm MgCl,, 0.5 mm
EDTA, 0.1% Triton X-100, 20% glycerol, 2 mm DTT, and 300 mm NaCl)
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Figure 5. Activation of NF-«B is essential for the neuroprotective effect of parkin. A, SH-

SY5Y cells were cotransfected with EYFP, wt parkin, and [kBAN. At 24 h after transfection, cells
were incubated with kainate (500 pm) at 37°Cfor 3 h, fixed, permeabilized, and analyzed by
indirect immunofluorescence. Activation of caspase-3 was detected by using the anti-ACTIVE
caspase-3 pAb. Shown is the percentage of apoptotic cells among the transfected cells. **p <
0.001 compared with EYFP-expressing cells. B, SH-SY5Y cells were cotransfected with EYFP, wt
parkin, and the kinase-inactive IKK/3 mutant IKK 3 K/A and analyzed as described in A. **p <
0.001 compared with EYFP-expressing cells.

and incubated for 15 min at4°C. After centrifugation (5 min at 1000 rpm,
4°C), protein concentration of the supernatants (nuclear extracts) was
determined by the Bradford assay. Binding reactions were performed in
a final volume of 20 ul consisting of 10 mm HEPES, pH 7.9, 50 mm NaCl,
5 mm MgCl,, 2 mm DTT, 0.1 mm EDTA, 5% glycerol, 10 ug of BSA, 2 ug
of poly(dI-dC), 5 ug (cell culture) or 10 ug (fibroblasts) nuclear extract,
and 0.15 ng (15,000 cpm) of 32p_labeled, double-stranded NF-kB con-
sensus oligonucleotide (5'-AGT TGA GGG TTT CCC AGG C-3'; Pro-
mega) or OCT1 consensus oligonucleotide (5'-TGT CGS ATG CAA
ATC ACT AGA A-3'; Promega). After binding on ice for 30 min, mix-
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tures were loaded onto nondenaturing 4%
polyacrylamide gels in 0.5X TBE (45 mm Tris
borate and 1 mm EDTA). Gels were electropho-
resed at 4°C for 4 h at 160 V, dried, and exposed
for autoradiography at —80°C.

Statistical analysis. Data were expressed as
means *+ SE. All transfections were performed in
triplicates and repeated at least three times. Statis-
tical analysis among groups was performed using
Student’s ¢ test. p values are as follows: *p < 0.01,
p < 0,001, and *** p < 0.0001.

vector

wt parkin

Results

Parkin is a stress-inducible protein with
neuroprotective capacity

Parkin has been shown to protect neurons
against diverse cellular insults in different
model systems, indicating that it might
play a central role in maintaining neuro-
nal integrity. To confirm and extend these
studies, we analyzed the effect of parkin on
cell viability under stress conditions that
play a prominent pathophysiological role
in PD, namely inhibition of complex I of
the mitochondrial electron transport
chain and excitotoxicity. To identify cells
undergoing apoptosis, human SH-SY5Y
neuroblastoma cells transiently trans-
fected with wild-type parkin were ana-
lyzed by indirect immunofluorescence us-
ing an antibody specific for activated
caspase-3. A protective effect of parkin
was observed both in cells treated with the
complex I inhibitor rotenone and in those
treated with the excitotoxin kainate (Fig.
1A), whereas the pathogenic parkin mu-
tants R42P and G430D showed a reduced
neuroprotective capacity (Fig. 1B). Inter-
estingly, a smaller parkin species lacking
the N-terminal UBL domain (AN parkin)
was also impaired in protecting cells from
stress-induced cell death (Fig. 1B). We
have shown previously that an internal
translation initiation site in the human
parkin gene is responsible for the genera-
tion of AN parkin (Henn et al., 2005). Of
note, AN parkin is also found in human
brain (Shimura et al., 1999; Schlossma-
cher et al., 2002; Staropoli et al., 2003).
The protective activity of parkin was ob-
served not only at early time points after stress treatment (deter-
mined by caspase-3 assay) but also after 24 h (determined by
Hoechst 33342 staining; data not shown).

To increase evidence for a functional role of parkin in cellular
stress management, we analyzed whether transcription/transla-
tion of endogenous parkin might be regulated by stress. Quanti-
tative reverse transcription (RT)-PCR analysis revealed that
parkin-specific mRNA levels were significantly increased in re-
sponse to kainate or rotenone treatment with a maximal increase
5-8 h after drug treatment (Fig. 1C,D). Stress inducibility of
parkin was also observed in primary cortical neurons derived
from embryonic rat brain (Fig. 1E). Importantly, the stress-
induced increase in parkin mRNA translates into elevated parkin
protein levels (Fig. 1 F).
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In the presence of the NF-«B super-repressor [kBAN, parkin shows no neuroprotective activity. Inmunofluores-
cence analysis of the experiment described in Figure 5A. Activation of caspase-3 was detected by using the anti-ACTIVE caspase-3
pAb (red), and nuclei were stained with DAPI (blue). Scale bar, 20 um

Parkin stimulates NF-«kB-dependent transcription

The spectrum of stressors parkin can cope with is remarkably
wide, suggesting an influence on key signaling pathways. To ad-
dress the question of which mechanism might integrate all pro-
tective effects described, we tested whether parkin has an impact
on general stress response pathways. A major anti-stress pathway
involves the upregulation of molecular chaperones in response to
proteotoxic stress via activation of heat shock transcription fac-
tors (HSF), which bind to HSEs in the regulatory region of genes
coding for diverse chaperones. Another stress response pathway
is associated with the activation of the NF-«B transcription fac-
tor, which induces the expression of antiapoptotic genes after
binding to specific NF-«B-responsive elements in their enhancer
regions. To test for a possible role of parkin in the activation of
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Figure 7.  Parkin promotes ubiquitylation of IKK~y and TRAF2. A-C, Full-length (fl) parkin, AN parkin, or R42P, HA-tagged
ubiquitin, and either FLAG-tagged TRAF6 (4), TRAF2 (B), or IKK-y (C) were cotransfected into HEK293T cells. At 24 h after trans-
fection, cells were harvested, lysed, and cleared by centrifugation. Equal amounts of protein in the supernatants were subjected to
an immunoprecipitation (IP) under denaturing conditions using an anti-FLAG mAb. The immunoprecipitates were resolved by
SDS-PAGE and immunoblotted (IB) with an anti-HA mAb (top panels). Aliquots of the supernatant before the immunoprecipita-
tion were immunoblotted with antibodies against parkin (hP1), TRAF6 (mAb), TRAF2 (mAb), and IKK-y (mAb), respectively (input
controls; bottom panels). Molecular size markers are indicated as bars at the left side of the panels and represent 148, 98, and 64
kDa (4, B) or 98, 64, and 50 kDa (C). v, Vector control; b, buffer control (no lysate). D, Parkin has no effect on the stability of IKK-y
and TRAF2. HEK293T cells were cotransfected with either IKK~y or TRAF2 and wt parkin. One day after transfection, cells were
metabolically labeled with [ >SJmethionine for 30 min and either analyzed directly or incubated in fresh medium for an additional
6,12, and 24 h (chase) before the immunoprecipitation of IKK~y or TRAF2. E, Parkin preferentially promotes K63-linked polyubig-
uitylation of IKK+y. Full-length parkin, FLAG-tagged IKK-y, and HA-tagged wild-type ubiquitin, K48-only, or K63-only ubiquitin
mutant were cotransfected into HEK293T cells. At 24 h after transfection, cells were harvested and analyzed as described in A.
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the HSF-inducible pathway, luciferase
activity was significantly increased by
parkin in cells harboring the NF-«kB-
responsive reporter (Fig. 2A,B). An in-
crease in luciferase-specific transcripts
was confirmed by quantitative RT-PCR,
indicating that differences in the activity
of luciferase observed in the presence of
parkin were not attributable to alter-
ations of luciferase at the protein level,
such as folding or stability (data not
shown).

With regard to the neuroprotective po-
tential of parkin, we reasoned that parkin
might increase or even potentiate the acti-
vation of NF-«B in response to stress. To
address this possibility experimentally, we
treated cells with TNFa or PMA under
conditions that only moderately activated
NF-kB. When parkin was expressed in
TNFa- or PMA-treated cells, a supra-
additive increase in luciferase activity was
observed (Fig. 2C,D). To verify this obser-
vation with an independent approach, we
analyzed NF-«B activation by monitoring
its DNA binding activity. Electrophoretic
mobility shift assays indicated that, in the
presence of parkin, NF-«B binding activ-
ity was significantly increased after stimu-
lation of cells with TNFa. Activation of
NEF-kB was even observed with low
amounts of TNFa, which did not induce
NF-kB binding activity in the absence of
parkin (Fig. 2 E). Thus, parkin sensitizes
cells to NF-kB-activating stimuli.

Pathogenic mutations impair the
NF-kB-activating potential of parkin

To investigate whether the neuroprotec-
tive potential of parkin is linked to the ac-
tivation of the NF-«kB pathway, we in-
cluded a variety of pathogenic parkin
mutants in our analysis. Several studies in-
dicated that different mechanisms ac-
count for the loss-of-function phenotype
of parkin mutants, such as parkin misfold-
ing and aggregation or a decrease in the
stability of full-length parkin (Winklhofer
etal., 2003; Henn et al., 2005; Sriram et al.,
2005; Wang et al., 2005). The pathogenic
parkin mutants R42P and G430D as well
as AN parkin, which are characterized by a
reduced neuroprotective capacity (Fig.
1 B), also showed a decreased potential to
activate NF-kB-dependent transcription

these pathways, SH-SY5Y cells and human embryonic kidney  (Fig. 3). Although the decreased stability of full-length R42P par-
(HEK293T) cells were transiently transfected with a plasmid cod-  kin may account for the reduced NF-«B activation, steady-state
ing for human parkin and a reporter plasmid expressing firefly  levels of the G430D mutant were not decreased. Remarkably, AN
luciferase under the control of an inducible promotor regulated ~ parkin was characterized by the lowest potential to activate
by either the heat shock transcription factor 1 (HSE-Luc) or = NF-«B. Conversely, full-length parkin devoid of the internal ini-
NE-kB (NF-«kB-Luc). As a positive control, cells were subjected  tiation site showed the highest potential to induce NF-«B-
to a moderate heat shock or treated with PMA, a classical activa- ~ dependent transcription (Fig. 3). This suggests that the
tor of the NF-kB pathway. Although parkin showed no effecton ~ N-terminal UBL domain of parkin plays an important role in
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mediating activation of NF-kB-dependent transcription and
neuroprotection.

Activation of NF-kB is crucial for the neuroprotective
capacity of parkin

To confirm that the effect of parkin on NF-kB-dependent tran-
scription involves activation of NF-kB and results from enhanced
IKK signaling, we made use of the NF-kB super-repressor
IkBAN. IkBAN lacks a N-terminal domain (amino acids 71-317)
that contains the IKK phospho-acceptor sites (Krappmann et al.,
1996). When IkBAN was coexpressed, parkin could no longer
stimulate NF-kB-dependent transcription (Fig. 4A), indicating
that indeed activation of NF-kB is responsible for the parkin-
induced effect. Importantly, this effect was independent of the
cell line used (data not shown). To further explore at which site
parkin might activate the NF-«kB signaling cascade, we tested an
inhibitor upstream of IkB. A kinase-inactive IKKB mutant
(IKKB K/A) carrying two mutations in the activation loop of
IKKf blocks activation of the NF-kB pathway at the level of the
IKK signalosome (Delhase et al., 1999). Similar to IkBAN, the
kinase-inactive IKK K/A mutant suppressed the effect of parkin
on NF-kB-dependent transcription (Fig. 4B), indicating that
parkin may act on the IKK complex and/or on upstream signaling
components.

To test whether there is a causal relationship between the neu-
roprotective potential of parkin and its ability to activate NF-«B
signaling, we analyzed the neuroprotective capacity of parkin un-
der conditions that specifically interfere with the activation of
NEF-kB, i.e., in the presence of IkBAN. Remarkably, expression of
the NF-«B super-repressor IkBAN completely abrogated the an-
tiapoptotic effect of parkin in kainate-treated cells (Figs. 54, 6).
Similarly, the kinase-inactive IKK3 K/A mutant suppressed cell
survival induced by parkin (Fig. 5B), demonstrating that the neu-
roprotective potential of parkin is critically dependent on IKK/
NE-kB signaling.

Parkin promotes ubiquitylation of IKKy and TRAF2
Activation of the NF-kB pathway involves ubiquitylation at dif-
ferent levels of the signaling cascade. To determine which pro-
tein(s) in the signaling cascade might be a target for parkin-
mediated ubiquitylation, we performed ubiquitylation assays in
HEK293T cells coexpressing full-length parkin, HA-tagged ubiq-
uitin, and FLAG-tagged TRAF2, TRAF6, or IKK+y. Immunopre-
cipitation under denaturing conditions was performed with an
anti-FLAG antibody, and precipitated proteins were subjected to
a Western blot analysis using an anti-HA antibody. We observed
that full-length parkin can increase the amount of ubiquitylated
IKK+y and TRAF2, whereas TRAF6 ubiquitylation was not in-
creased in the presence of parkin (Fig. 7A—C). AN parkin and
R42P parkin, which showed a significantly lower activity in stim-
ulating NF-kB-dependent transcription as well as protecting cells
from toxic insults, were also compromised in mediating ubiqui-
tylation of IKK+y and TRAF2. Notably, parkin also promotes
ubiquitylation of TRAF2AN, which lacks the N-terminal RING
domain essential for its E3 ligase activity, indicating that the in-
creased ubiquitylation is not attributable to autoubiquitylation
mediated by TRAF2 itself (Fig. 7B).

To assess whether parkin-mediated ubiquitylation targets
IKKy and TRAF?2 for proteasomal degradation, we analyzed the
stability of both proteins in the presence of parkin. Pulse-chase
experiments revealed that coexpression of parkin has no effect on
the stability of IKKy and TRAF2 over a period of 24 h (Fig. 7D),
indicating that parkin does not induce proteasomal degradation
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Figure8. Parkinisfoundinacomplextogether with IKK-yand TRAF2. 4, HEK293T cells were
cotransfected with full-length (fl) parkin and either IKK-y (top left panel) or TRAF2 (top right
panel). One day after transfection, cells were harvested, lysed, and cleared by centrifugation.
Equal protein amounts of the supernatant were incubated with a pAb against IKK-y or TRAF2
overnight at 4°C. Proteins present in the immunoprecipitates (IP) were resolved by SDS-PAGE
and immunoblotted (IB) with the anti-parkin mAb PRK28. Aliquots of the supernatant were
immunoblotted with antibodies against parkin (pAb hP1), IKK-y (mAb), and TRAF2 (mAb),
respectively (input controls; bottom panels). B, Untransfected SH-SY5Y cells were lysed as de-
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anti-HA antibody (both antibodies cross-linked to protein A-agarose) overnight at 4°C (* indi-
cates bufferinstead of cell lysate). Proteins present in the immunoprecipitates were resolved by
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noblotting for the respective proteins. v, Vector control; b, buffer control (no lysate).

input
a-IKKy —

a-parkin )

of these proteins but rather promotes nondegradative ubiquity-
lation. To provide experimental evidence for this assumption, we
made use of ubiquitin mutants lacking all but one lysine (K48-
only and K63-only, HA-tagged). These mutants either pro-
mote ubiquitin chain assembly via lysine 48, targeting the
ubiquitylated protein for proteasomal degradation, or via ly-
sine 63, which serves nonproteolytic regulatory functions (for
review, see Pickart and Fushman, 2004). Ubiquitylation assays
performed as described above revealed that, in the presence of
K48-only ubiquitin, parkin-mediated ubiquitylation of IKK+y
is significantly decreased, whereas K63-only ubiquitin can
maintain IKK+y ubiquitylation (Fig. 7E). This indicates that
parkin preferentially promotes K63-linked ubiquitylation.
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Parkin is found in a complex together with IKKy and TRAF2
The data presented above point to IKKy and TRAF2 as potential
targets of parkin. To increase evidence for a physiological rele-
vance of the observed effects, we examined a potential interaction
of these proteins. First, we performed coimmunoprecipitation
experiments with lysates prepared from transiently transfected
HEK293T cells using a polyclonal anti-IKK+y or anti-TRAF2 an-
tibody. Coprecipitating proteins were subjected to SDS-PAGE,
and immunoblotting with a monoclonal anti-parkin antibody
revealed that IKKy as well as TRAF2 were present in a complex
together with parkin, indicating that both proteins can directly or
indirectly interact with parkin (Fig. 8A). To provide evidence
that the observed interaction is not attributable to the overex-
pression of the individual proteins, we performed a coimmuno-
precipitation analysis with endogenous proteins (Fig. 8 B). Fi-
nally, confocal microscopy was used to examine the subcellular
localization of parkin, IKKy, and TRAF2. When expressed in
SH-SY5Y cells individually, parkin, TRAF2, and IKK~y were dis-
tributed throughout the cytosol. Coexpression of parkin and
TRAF2 or IKKry, however, induced the accumulation of TRAF2
and IKKY in the perinuclear region, in which they colocalized
with parkin (Fig. 9).

Loss of endogenous parkin increases cell death and
compromises NF-kB activation

To increases evidence for a role of endogenous parkin in protect-
ing cells from stress-induced cell death, we downregulated parkin
expression by a RNA interference approach. HEK293T cells were
transfected with parkin-specific siRNA duplexes and, 48 h later,
were exposed to rotenone. After an additional 24 h, cell viability
was determined by trypan blue exclusion. Downregulation of
parkin (Fig. 10A) significantly reduced cell viability compared
with control siRNA-treated cells (Fig. 10 B). To address the ques-

merge

IKK+y and TRAF2 colocalize with parkin. SH-SY5Y cells attached to coverslips were transfected with wt parkin and
FLAG-tagged IKK+y or TRAF2. One day after transfection, cells were fixed, permeabilized, and stained with the following antibod-
ies: anti-parkin hP1 pAb (red) and anti-FLAG mAb (green). DAPI was added to the mounting medium to label nuclei. Red arrows
indicate the regions in which intensity profiles (bottom panels) along a line were determined using Leica confocal software version
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tion of whether the increase in cell death
observed in parkin knockdown cells is ac-
companied by an alteration in NF-«B sig-
naling, we performed NF-«B reporter
assays in siRNA-treated cells. Indeed, NF-
kB-dependent transcription was reduced
in parkin knockdown cells after stress
treatment (Fig. 10C).

Finally, we analyzed fibroblasts ob-
tained from a patient with compound het-
erozygous deletions in the parkin gene
(deleted exon 3—4/deleted exon 3-5). Par-
kin protein is not detectable in this patient
(Nakaso et al., 2006). Consistent with our
results from cell culture experiments, acti-
vation of the NF-«B pathway in response
to stress was significantly compromised in
the patient’s fibroblasts compared with
age-matched control fibroblasts (Fig.
10D).

wi parkin
+ TRAF2

wt parkin
+ IKKy

wt parkin
+ IKKy

Discussion

A milestone in PD research was the dis-
covery of genes that are responsible for fa-
milial variants of this disease. Sporadic
and familial variants of PD share impor-
tant pathological features, most notably
the demise of dopaminergic neurons in
the substantia nigra. Consequently, in-
sights into the function of PD-associated
genes may facilitate a better understand-
ing of the pathomechanism not only of hereditary PD but also of
sporadic PD. In this study, we focused on the physiological role of
parkin and showed that activation of NF-«B signaling underlies
the neuroprotective potential of parkin.

Parkin can protect neuronal cells against a remarkably wide
array of intrinsic and extrinsic stressors. Most studies reporting
on the protective potential of parkin are consistent concerning
the nature of the stressors tested, and discrepancies can be ex-
plained by the fact that high-level stress conditions inactivate
parkin because of its tendency to misfold (Winklhofer et al., 2003;
LaVoie et al., 2005; Wang et al., 2005; Winklhofer and Tatzelt,
2006). In our study, we therefore chose conditions of moderate
stress, which more likely occur under physiological conditions.
We first evaluated the cytoprotective activity of parkin for two
stressors relevant to PD, inhibition of complex I of the electron
transport chain (induced by rotenone) and excitotoxicity (in-
duced by kainate or glutamate). In support of a role of parkin in
coping with cellular stress, we found that both stressors signifi-
cantly increased the amount of parkin-specific mRNA in cul-
tured neuroblastoma cells as well as primary neurons, resulting in
an increased expression of parkin protein. These observations are
in line with a recent publication showing activation of the parkin
promoter after hydrogen peroxide treatment by a luciferase re-
porter assay (Tan et al., 2005).

Because of the broad cytoprotective activity of parkin, we rea-
soned that it may have an impact on a key survival pathway.
Reporter assays specific for stress-inducible pathways revealed
that parkin stimulates NF-«B-dependent transcription. In the
course of this study, three lines of evidence have converged to
suggest that activation of the NF-«B signaling cascade is essential
for the neuroprotective activity of parkin. First, there is a corre-
lation between the neuroprotective activity of parkin and its abil-
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Figure 10.  Loss of endogenous parkin increases cell death and compromises NF-«B activa-

tion in response to stress. A, B, HEK293T cells were transfected with parkin-specific or control
siRNA duplexes. A, At 48 h later, parkin mRNA levels were analyzed by RT-PCR (described in Fig.
10), and endogenous parkin protein was analyzed by Western blotting (bottom) as described in
Figure TF. B, Parallel cultures were exposed to rotenone (0.05 wm, 3 h), and, after additional
24h, cell viability was determined by trypan blue exclusion. C, HEK293T cells cotransfected with
parkin-specific SiRNA and the NF-«B reporter plasmid were incubated with PMA (10 and 20
ng/ml, 3 h). At5 hlater, cells were harvested and analyzed for luciferase activity. D, Fibroblasts
from a PARK2 patient or control fibroblasts were exposed to PMA for 30 min. Nuclear extracts
were prepared, and NF-«B binding activity was determined by electrophoretic mobility shift
assays as described in Figure 2 £. Bottom left, Supershiftinduced by a pAb against p65 in nuclear
extracts from PMA-treated control fibroblasts. Bottom right, As a control, 0CT1 binding activity
was determined in nuclear extracts from untreated and PMA-treated PARK2 and control
fibroblasts.

ity to activate NF-kB. Pathogenic parkin mutants impaired in
their neuroprotective capacity are also compromised in their
ability to efficiently stimulate NF-«B-dependent transcription.
In this context, it should be pointed out that pathogenic parkin
mutants do not show a complete loss of function, at least during
overexpression in cultured cells. However, subtle differences in
the activity of parkin may be pathophysiologically relevant over
decades, especially under conditions of increased cellular stress.
Second, when the NF-«kB pathway is blocked, parkin loses its
protective activity. In the presence of the NF-kB super-repressor
IkBAN or the kinase-inactive IKKB mutant IKKB K/A, parkin no
longer protects cells from kainate-induced toxicity. Finally,
downregulation of endogenous parkin by an RNA interference
approach results in an increase in cell death along with a decrease
in NF-kB signaling in response to stress. Notably, a smaller par-
kin species, which occurs in human brain attributable to the pres-
ence of an internal initiation site and lacks the N-terminal UBL
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(AN parkin), is significantly impaired in activating the NF-kB
pathway and thus in protecting cells from toxic insults. This ob-
servation is consistent with the finding that a mutation in the
authentic initiation codon of parkin is pathogenic (Rawal et al.,
2003; Mata et al., 2004). In this case, the second initiation codon
is presumably used, giving rise to N-terminally truncated, func-
tionally less active parkin. The internal initiation site at codon 80
is only present in human parkin; thus, two parkin species with
different functional activities coexist in neuronal cells, which
might explain why humans are particularly vulnerable to the in-
activation of full-length parkin.

Seminal research in the last decade has revealed that ubiquitin
is a highly versatile protein and that ubiquitylation can serve a
variety of nonproteolytic functions, such as regulation of intra-
cellular trafficking, gene transcription, DNA repair, and cell
signaling. At the same time, a considerable variability of the
ubiquitylation process emerged, spanning mono-ubiquitylation,
multi-ubiquitylation, and polyubiquitylation as well as the for-
mation of different polyubiquitin chains involving distinct lysine
residues of ubiquitin.

The NF-kB pathway is a paradigm for the role of ubiquityla-
tion in mediating degradation-dependent and degradation-
independent functions. Conventional roles of ubiquitin in the
NE-kB pathway include targeting of IkB for degradation as well
as inducing the proteasomal processing of the NF-«B precursors
pl05 and pl00. Unconventional degradation-independent
polyubiquitin chain attachment is essential for the activation of
the IKK signalosome and involves ubiquitylation of TRAF2,
TRAF6, receptor-interacting protein, and IKKy/NEMO (Chen,
2005; Krappmann and Scheidereit, 2005).

In an attempt to establish a possible role of the E3 ubiquitin
ligase parkin in the NF-kB pathway, we analyzed whether parkin
has an impact on the ubiquitylation of specific signaling proteins.
The NF-«B super-repressor IKBAN as well as the kinase-inactive
IKKB mutant IKKB K/A interfered with the potential of parkin to
activate NF-kB-dependent transcription, indicating that parkin
may act on the level of the IKK complex or upstream in the
signaling cascade. Indeed, we observed that parkin can promote
the ubiquitylation of IKKy and TRAF2 in a degradation-
independent manner. It is not clear at the present time whether
parkin induces the ubiquitylation of IKKy and TRAF2 directly or
indirectly, but also ubiquitylation of TRAF2AN lacking the
N-terminal RING domain is increased in the presence of parkin.
This indicates that the E3 ligase activity of TRAF2 is dispensable
for the observed effects. Coimmunoprecipitation experiments
revealed that IKKy as well as TRAF2 can form a complex together
with parkin. Importantly, it has been described recently that par-
kin can interact with the E2 heterodimer Ubcl13/Uevla (Doss-
Pepe et al., 2005; Matsuda et al., 2006), which is the cognate E2
complex required for TRAF2- and TRAF6-mediated NF-«kB ac-
tivation and involves K63-linked polyubiquitylation (Deng et al.,
2000; Andersen et al., 2005).

What might be the role of parkin, particularly in dopaminer-
gic neurons that are exposed to oxidative and excitotoxic stress
even under physiological conditions? By modulating the NF-«B
pathway, parkin may initiate a neuroprotective program under
low-level and moderate stress (Fig. 11). In line with this scenario,
parkin induces a supra-additive stress response under conditions
that only weakly stimulate the NF-kB pathway, indicating a sen-
sitizing effect. Moreover, parkin is upregulated in response to
cellular stress, bringing up the question of whether parkin itself is
regulated by NF-kB. Several stress-responsive binding elements
are located in the promoter region of parkin, but we could not
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Figure 11.  Model of the functional role of parkin. Under physiological conditions, parkin
promotes regulatory ubiquitylation of TRAF2 and IKKy during stress, leading to the activation of
NF-kB. As a consequence, transcription of prosurvival genes is upregulated. The activity of
parkin can be modulated by stress. Under moderate stress, parkin is upregulated. For animme-
diate response, it is conceivable that parkin activity can be requlated by posttranslational mod-
ifications. In contrast, severe proteotoxic stress, for example induced by oxidized dopamine,
causes misfolding and thus inactivation of parkin. Mutations in the parkin gene linked to famil-
ial PD also interfere with the capacity of parkin to stimulate the IKK/NF- B signaling pathway.

identify a NF-kB-responsive element. In our experimental
model, overexpression of parkin is sufficient to activate the
NE-«B signaling cascade, but the E3 ligase activity of parkin is
regulated rather than constitutive under physiological condi-
tions. In this context, it is interesting to note that the phosphor-
ylation status of parkin has an impact on its activity (Yamamoto
et al., 2005).

What might the implications of these findings be for PD? First,
this study links the function of parkin to IKK/NF-kB signaling,
suggesting that a dysregulation of this neuroprotective pathway
plays a pathophysiological role in PD. Second, it might pave the
way for new pharmacological interventions. To explore new tar-
gets for a specific neuroprotective or therapeutic approach, it will
be important to elucidate the regulation of parkin activity.
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