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Reactive Oxygen Species-Mediated DJ-1 Monomerization Modulates
Intracellular Trafficking Involving Karyopherin (32
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Mutations in DJ-1 are a cause of recessive, early-onset Parkinson’s disease (PD). Although oxidative stress and mitochondrial
integrity have been implicated in PD, it is largely unknown why neurons degenerate. DJ-1 is involved in oxidative stress-medi-
ated responses and in mitochondrial maintenance; however, its specific function remains vague. Here we show that DJ-1 exhibits
neuronal dynamic intracellular trafficking, with dimeric/monomeric cycling modulated by the oxidative environment. We dem-
onstrate that oxidative stress enhances monomerization of wild-type cytosolic DJ-1, leading to nuclear recruitment. The patho-
genic DJ-1/E163K variant is unable to homodimerize but is retained in the cytosol upon wild-type DJ-1 heterodimerization. We
found that this wild-type/pathogenic heterodimer is disrupted by oxidative stress, leading to DJ-1/E163K mitochondrial translo-
cation. We further demonstrated that endogenously expressed wild-type DJ-1 is imported into neuronal nuclei as a monomer
and that nucleo-cytoplasmic transport is oxidative stress mediated. We identified a novel proline-tyrosine nuclear localization
signal (PY-NLS) in DJ-1, and we found that nuclear monomeric DJ-1 import is mediated by an oxidative stress-dependent inter-
action with karyopherin 2. Our study provides evidence that oxidative stress-mediated intracellular trafficking of DJ-1, medi-

ated by dynamic DJ-1 dimeric/monomeric cycling, is implicated in PD pathogenesis.

arkinson’s disease (PD) is a progressive neurodegenerative

disorder that is neuropathologically characterized by a rela-
tively selective loss of dopaminergic (DA) neurons and the pres-
ence of Lewy bodies in the substantia nigra. The majority of PD
cases are sporadic; however, early-onset PD, often monogenic in
nature, accounts for between 5 and 10% of all cases (1). Auto-
somal recessive forms of early-onset PD are caused by mutations
in parkin (PARK2) (2), PTEN-induced putative kinase 1 (PARKG6;
PINK1) (3), and Parkinson protein 7 (PARK7; DJ-1) (4).

DJ-1 belongs to the Thi/Pfpl protein superfamily and is ex-
pressed in a variety of tissues, including the brain (5). DJ-1 has an
atypical peroxiredoxin-like peroxidase activity that is involved in
scavenging mitochondrial H,0,, and DJ-1 knockout mice have
increased mitochondrial H,O, levels (6, 7). DJ-1 shifts toward a
more acidic isoelectric point in response to reactive oxygen species
(ROS) (8,9), and DJ-1 knockout models show increased sensitiv-
ity toward oxidative stress/mitochondrial toxins (9-13). Con-
versely, overexpression of wild-type (wt) DJ-1 protects cells
against ROS/mitochondrial toxins (9, 14). DJ-1 harbors three cys-
teine residues (C46, C53, and C106); C106 oxidizes to form a
cysteine-sulfinic acid, and C106 mutations lead to DJ-1 loss of
function (7, 10, 15).

DJ-1 localizes to the cytoplasm, nucleus, and mitochondria (7,
16, 17). Mitochondrial DJ-1 translocation is enhanced by oxida-
tive stress, and C106 oxidation is necessary for translocation (7).
Targeting of DJ-1 to mitochondria protects cells against oxidative
stress (18), and DJ-1 may maintain complex I activity (19). The
precise mechanism of mitochondrial translocation is not fully un-
derstood, but various DJ-1 mutants, unable to homodimerize,
preferentially localize to mitochondria (20). DJ-1 also associates
with multiple RNA targets, including mitochondrial genes and
glutathione metabolism genes, suggesting that the DJ-1 pleiotro-
pic effects are due to binding to multiple RNAs (21, 22).

In the nucleus, DJ-1 sequesters the death protein Daxx, pre-
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venting it from entering the cytoplasm, leading to loss of activa-
tion of Askl and thus preventing cell death (23). In the nucleus,
DJ-1 can also act as a coactivator of various pathways (24, 25).
DJ-1 also leads to Nrf2 instability that results in a deficit in expres-
sion of detoxification enzymes (26). DJ-1 has also been shown to
interact with p53, modifying its activity (27, 28). DJ-1 can regulate
the tyrosine hydroxylase promoter and thus influence dopamine
production (29, 30).

Although it is clear that DJ-1 function is through oxidative
stress-mediated responses within a framework of subcellular lo-
calizations, the molecular mechanisms underlining this remain
vague. Here, we provide new insights into dynamic intracellular
trafficking of DJ-1 in response to oxidative stress. We show that
oxidative stress enhances monomeric forms of wt DJ-1 and of
DJ-1 E163K, leading to nuclear and mitochondrial recruitment,
respectively. We further show that monomeric DJ-1 translocates
to the nucleus via a nonclassical proline-tyrosine nuclear localiza-
tion signal (PY-NLS) domain and that this is mediated by
karyopherin B2, which interacts with DJ-1 in an oxidation-depen-
dent fashion. Combined, our data suggest that cytoplasm-mito-
chondrion DJ-1 trafficking and cytoplasm-nucleus DJ-1 traffick-
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ing involve dynamic cycling between dimeric and monomeric
DJ-1 states that are dependent on the oxidative environment.

MATERIALS AND METHODS

Antibodies and reagents. Anti-green fluorescent protein (anti-GFP;
JL-8) and rabbit full-length polyclonal anti-GFP (632460) antibodies
were obtained from Clontech (Mountain View, CA). Antiactin (AC-40)
and anti-DJ-1 (E2.1) mouse monoclonal antibodies were from Sigma-
Aldrich (St. Louis, MO). Anti-c-Jun (60A8) was from Cell Signaling Tech-
nology (Beverly, MA). Anti-superoxide dismutase 1 (anti-SODI;
AB16831) and rabbit polyclonal antibody anti-karyopherin 23 (D45)
were from Abcam (Cambridge, United Kingdom). Anti-DJ-1 (11681-1—
alkaline phosphatase) rabbit polyclonal antibody was from the Protein-
Tech Group (Chicago, IL) and anti-microtubule-associated protein (anti-
MAP; AP20) was from Leinco Technologies (St. Louis, MO). The
antibodies 632460 and 11681-1 were used for immunoprecipitation (IP).
Anti-monomeric DJ-1 (S3618-2) was raised against human DJ-1 N-ter-
minal residues 13 to 30 by using the synthetic peptide NH,-GAEEMETV
IPVDVMRRAG(C). The antibody was raised in rabbits by using peptide
conjugated to keyhole limpet hemocyanin via an additional cysteine res-
idue (in parentheses in the above sequence). S3618-2 was affinity purified
after the fourth immunization boost. Rabbit monoclonal anti-DJ-1
(NO1A) was a gift from Darren Moore (31). Anti-rabbit and anti-mouse
horseradish peroxidase-conjugated secondary antibodies were from GE
Healthcare. Complete phosphatase and protease inhibitor cocktail tablets
were from Roche (Basel, Switzerland). Dynabeads, MitoTracker red, and
anti-mouse and anti-rabbit Alexa Fluor 488/568-conjugated secondary
antibodies were from Invitrogen Life Technologies (Paisley, United King-
dom). Hydrogen peroxide solution was from Sigma-Aldrich (St. Louis,
MO). Mouse embryonic fibroblast (MEF) DJ-17" cells were obtained
from Huaibin Cai (32).

Molecular cloning. For mammalian cell expression, the human
PARK?7 gene was amplified with DJ1-F-Xhol (5'-ATCTCGAGATGGCT
TCCAAAAGAGCTC-3") and DJ1-R-Kpnl (5'-AT GGTACCCTAGTCT
TTAAGAACAAGTGG-3') and inserted into pCDNA3.1(-) hygro (Invit-
rogen). For C-terminal fusion with either enhanced GFP (EGFP) or
ptdTomato, PARK7 was amplified using DJ1-F-Xhol and either DJ1-R1-
Kpnl (5'-ATGGTACCGTCTTTAAGAACAAGTGG-3") or DJ1-R2-Kpnl
(5"-ATGGT ACCGCGTCTTTAAGAACAA GTGGAGC —3') and cloned
into pEGFP or ptdTomato (Clontech), respectively. For fusion of DJ-1
truncations to EGFP, each fragment was amplified with DJ1-F-Xhol and
either DJ1-SP-1 (5'-ATGGTACCGACATCTACAGGGATGACC-3'),
DJ1-SP-2 (5'-ATGGTACCGACCACATCACGGCTACAC-3'), DJ1-SP-3
(5"-ATGGTACCACCTCCTGGTAGAACCACC 3'), or DJ1-SP-4 (5'-AT
GGTACCGCCCTTCCGGTTTTCCTGC-3") and cloned into pEGFP
(Clontech). (Underlined portions of the sequences represent restriction
sites.) PARK7 point mutations were generated by site-directed mutagen-
esis. All constructs were verified by DNA sequencing. COX8-dsRed2 was
a gift from Michael J. Courtney. TOM7-GFP was a gift from Mike Ryan
(33).

Cell culture and transfections. Primary mouse cerebellar granule
neurons were prepared from postnatal day 6 NMRI/BomTac mice as de-
scribed previously (34). Neuronal cell survival was carried out by assessing
the presence of pyknotic cell nuclei (35). Human neuroblastoma
SHSY-5Y cells and MEF DJ-1"/" cells were cultured in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% heat-inactivated bovine calf
serum, 2 mM glutamine, 1% nonessential amino acids (Sigma-Aldrich),
50 U/ml penicillin, and 50 pg/ml streptomycin (36). Cell survival upon
H,O0, exposure was measured using a tetrazolium salt, WST-1 (Roche),
according to the manufacturer’s instructions and with a Thermo Scien-
tific Multiskan Ascent apparatus at 450-nm wavelength and 630 nm as
reference. All cell culture reagents were from Invitrogen Life Technologies
(Paisley, United Kingdom). Primary mouse neurons were transiently
transfected at 6 days incubation in vitro (DIV) with 1 pwg/cm® plasmid
DNA as described previously (37), but no kynurenate or D-APV was
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added and no dimethyl sulfoxide-glycerol shock was performed. DJ-1
knockout cells were transfected using Lipofectamine 2000 (Invitrogen
Life Technologies).

Immunofluorescence imaging and acquisition. Mitochondria were
stained with 50 nM MitoTracker for 30 min in culture medium. Immu-
nocytochemical staining was carried out as described previously (35, 36).
Briefly, following fixation, permeabilization, and blocking, samples were
incubated overnight at 4°C with primary antibody. Alexa Fluor 488/568
fluorophore-linked secondary antibodies (4 pg/ml) were used for 1 h at
room temperature (RT) prior to nuclear staining using 2 ng/ml Hoechst
33342 stain (Invitrogen) and mounting in Mowiol 4-88 mounting me-
dium containing 2.5% (wt/vol) Dabco antifading reagent (Sigma-Al-
drich). Images were taken using an inverted Nikon Ti A1R confocal laser
scanning microscope. Excitations used laser lines at 408 nm, 488 nm, or
561 nm, and images were recorded at 425/475 nm, 500/550 nm, or 570/
620 nm, respectively. Laser intensities/detection settings were kept con-
stant between parallel images to enable sample comparisons. NIS-Ele-
ments imaging software 4.0 (Nikon, Japan) was used for image capture
and measurement of fluorescence intensity.

Cell fractionations. Cells expressing DJ-1-GFP variants or TOM7-
GFP were washed in phosphate-buffered saline (PBS), scraped off their
growth support, centrifuged at 100 X g for 5 min, and resuspended in 4
volumes of isotonic sucrose buffer A (250 mM sucrose, 10 mM HEPES-
KOH [pH 7.5], 1.5 mM MgCl,, 10 mM KCl, 0.5 mM dithiothreitol) con-
taining phosphatase/protease inhibitors. The cell suspension was soni-
cated on ice twice for 6 s at a 50% amplitude by using a Kontes KT 50
Micro ultrasonic cell disruptor. The cell suspension was centrifuged at
300 X gfor 10 min at 4°C to remove unbroken cells, nuclei, and cell debris.
The supernatant, containing total protein extract, was termed SN1. SN1
was centrifuged at 3,000 X g for 10 min at 4°C, and the pellet was washed
once in sucrose buffer A and centrifuged at 3,000 X g for 10 min. The
washed pellet, containing high-molecular-weight organelles, was termed
P1. The supernatant from SN1 was centrifuged at 25,000 X g for 20 min at
4°C to obtain supernatant SN2, which contained soluble proteins, and a
second pellet (P2) that contained low-molecular-weight organelles. P2
was washed once in sucrose buffer A and centrifuged at 25,000 X g for 20
min at 4°C. The washed P1 and P2 pellets were dissolved in sucrose buffer
A (2% [vol/vol]) Triton X-100, 300 mM NaCl) prior to denaturation in
SDS-PAGE sample buffer and protein analysis by Western blotting.
Quantification was done using a ChemiDoc XRS apparatus (Bio-Rad) and
Quantity One software.

Cell nucleus isolation. Isolation of nuclear and cytoplasmic cell frac-
tions was carried out as described previously (38). Nuclear pellets were
collected by centrifugation at 300 X gfor 10 min at 4°C, repeatedly washed
in hypotonic gentle lysis buffer without detergent, and collected by cen-
trifugation. The total protein concentration for each fraction was mea-
sured by the Bradford method, and equal proportions of nuclear and
cytosolic fractions were analyzed by native PAGE or denaturing SDS-
PAGE.

Brain homogenization. Mouse brain tissue was collected from post-
natal day 6 NMRI/BomTac mice or postnatal day 1, 7, or 21 and 6-month-
old adult C3H mice after decapitation; samples were snap-frozen in liquid
nitrogen and stored at —80°C. Human brain tissue was collected from the
Stavanger University Hospital and processed according to the NYBB Co-
lumbia University method (39). For protein analysis, human brain areas
were dissected from frozen coronal brain slices of a 78-year-old female
with no neurological disease history. Each tissue sample was weighed and
lysed in 10 volumes of ice-cold RIPA buffer (50 mM Tris-HCI [pH 7.4],
150 mM NaCl, 0.5% [wt/vol] sodium deoxycholate, 0.1% [vol/vol] SDS)
containing protease inhibitor. Tissue was homogenized with an Ultra-
Turrax instrument followed by membrane solubilization using 0.9% (vol/
vol) IGEPAL-630 and incubation for 15 min on ice. The homogenates
were precleared at 2,600 X g for 15 min at 4°C. The total soluble protein
concentration was measured by the Bradford method and subjected to
SDS-PAGE.
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FIG 1 DJ-1 protein abundance is brain region specific and is regulated during neuronal development and neuritogenesis. (A) SDS-PAGE, quantitative Western
blot analysis, and quantification of DJ-1 and actin protein expression in 25 selected human brain areas. AU, arbitrary units. (B) SDS-PAGE and Western blot
analysis of DJ-1 and actin protein expression in different postnatal day 6 mouse brain areas. (C) Phase-contrast images of primary granule neurons in culture
during development. The same cell growth area at 1 to 9 DIV is shown. Bar, 50 pm. (D) SDS-PAGE, Western blot analysis, and quantification of DJ-1 and actin
protein expression in developing primary granule neurons at 1 to 9 DIV. Data shown are the fold change to 1 DIV. The means * standard errors of the means
(SEM) for three data sets are shown. **, P < 0.01. (E) SDS-PAGE, Western blot analysis, and quantification of mouse DJ-1 and actin protein expression in the
cerebellum and cerebral cortex of developing juvenile (postnatal days 1, 7, and 21) and adult (ad., 6 months old) mouse brains. Data shown are the fold change,
to postnatal day 1. The mean (=SEM) expression levels for three animals per age group are shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 2 DJ-1 localization is not dependent on neuronal developmental stage. (A) CLSM images of developing 1 to 9 DIV primary granule neurons immunocy-
tochemically stained for DJ-1 (green), MAP2 (red), and cell nuclei (blue). Maximum intensity scans are shown. Bar, 20 pm. (B) CLSM images of 6 DIV primary
granule neurons immunocytochemically stained for DJ-1 (green), mitochondria (red), and cell nuclei (blue). —1°, staining without primary DJ-1 antibody. Bar,
20 pm. (C) CLSM images of 7 DIV primary granule neurons transiently expressing human wt DJ-1-GFP or the indicated point mutant DJ-1-GFP variants
(green) for 24 h. Neurons were cotransfected with the mitochondrion marker COX8-DsRed2 (red) and counterstained with a nucleus marker (blue). Bar, 20 pm.

Immunoprecipitation. Immunoprecipitation of endogenous DJ-1
was from human neuroblastoma cells and overexpressed human DJ-1—
GFP from transfected MEF DJ-1"/" cells. Cells were washed twice in
ice-cold PBS, scraped off in PBS (with protease inhibitors), and pelleted at
100 X g for 5 min at 4°C. Cell pellets were lysed in 10 volumes of IP lysis
buffer (20 mM morpholinepropanesulfonic acid [pH 7.2], 150 mM NaCl,
10% [vol/vol] glycerol) with 1% (vol/vol) Triton X-100 and protease in-
hibitors. Cell solutions were homogenized through a 27-gauge needle,
incubated on ice for 10 min, and precleared at 12,000 X g for 10 min at
4°C. The supernatant was diluted 1:1 with IP lysis buffer (0.1% Triton
X-100). Two micrograms of anti-DJ-1 or anti-GFP antibodies was added
per sample, and the mixture was incubated at RT for 1 h. Protein samples
were transferred to new vials to avoid extraction of plastic-bound proteins
and incubated for 1 h with prewashed protein A/G magnetic beads (Dyna-
beads). Beads were washed three times in 1-ml volumes with IP lysis
buffer followed by a wash three times in 1-ml volumes of IP lysis buffer
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(500 mM NaCl, 0.1% Triton X-100). Proteins were eluted by nondena-
turing extraction using 0.1 M glycine (pH 2.8) prior to Western blot
analysis.

Circular dichroism spectroscopy. Escherichia coli BL21(DE3) cells
transformed with His-tagged DJ-1 wt or DJ-1/E163K were induced with
isopropyl-B-p-thiogalactopyranoside at a 0.4 mM final concentration.
Cells were incubated for 4 h, resuspended in lysis buffer (50 mM Tris-HCl
[pH 7.5], 100 mM NaCl), and lysed with lysozyme (1 mg/ml final concen-
tration) followed by freeze-thawing. After sonication, insoluble material
was removed by pelleting at 20,000 rpm for 60 min at 4°C. Cleared lysates
were loaded onto a Ni-nitrilotriacetic acid column (Qiagen), washed with
100 column volumes of 50 mM Tris-HCI (pH 7.5), 100 mM NaCl, 25 mM
imidazole, and eluted with 5 volumes of 50 mM Tris-HCI (pH 7.5), 100
mM NaCl, 250 mM imidazole, and 10% (vol/vol) glycerol. DJ-1 wt and
DJ-1/E163K proteins were buffer exchanged into 20 mM sodium phos-
phate buffer (pH 6.8) before analysis based on far-UV circular dichroism
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(CD) spectra, which were recorded from 200 to 280 nm with 1-nm incre-
ments at 20°C and 37°C by using a Chirascan-plus CD spectrometer (Ap-
plied Photophysics).

Ethical approvals and use of laboratory animals. Collection of hu-
man postmortem brain tissue was approved by the Regional Committee
for Medical and Health Research Ethics in western Norway. All research
involving laboratory animals was approved by the National Animal Re-
search Authority in Norway.

Statistical analysis. Statistical analysis was done using SPSS for Win-
dows version 18.0 (SPSS, Chicago, IL). One-way analysis of variance fol-
lowed by Fisher’s least significant difference post hoc test was used for
analysis of significance in samples with more than two variable groups. A
Kruskal-Wallis test followed by Mann-Whitney U test was used for non-
normally distributed sample groups.

RESULTS

DJ-1 protein abundance is brain region specific and is regulated
during neuronal development and neuritogenesis. We mapped
DJ-1 protein levels in 25 major brain areas and brain nuclei in
adult postmortem human brain. The whole brain from a donor
without history of neurological disease was collected, and selected
brain areas were harvested (39) and solubilized. Twenty micro-
grams of protein from each brain area was separated on an SDS-
PAGE gel and analyzed quantitatively using antibodies for DJ-1
and for actin as a control (Fig. 1A). DJ-1 was expressed in all 25
human brain areas but showed up to 5-fold differences in levels
between certain brain structures (Fig. 1A). The lowest levels were
seen in areas originating from the brain stem. DJ-1 protein levels
were increased in the striatum, hippocampal, and neocortical ar-
eas, with the highest levels in cerebellar areas. For comparison, we
detected DJ-1 protein in major brain areas from postnatal day 6
mice (Fig. 1B).

We also characterized DJ-1 levels in our neuronal cell model
system, the cerebellar granule neuron, during neuritogenesis at 1
to 9 DIV (Fig. 1C). The granule neurons can be obtained postna-
tally with high homogeneity and represent a useful model system
due to due to their sustained physiological development in culture
(40). DJ-1 protein levels increased during neuronal development
in vitro and reached a significant 2-fold increase at 6 to 9 DIV (Fig.
1D). To assess if increased DJ-1 levels were due to developmental
upregulation or prolonged culture conditions, we analyzed DJ-1
levels in brain tissue from mice at different developmental stages
(postnatal days 1, 7, and 21 and in adults [6 months old]) (Fig.
1E). This experiment showed that DJ-1 levels are upregulated de-
velopmentally, as observed in both cerebellum and cerebral cor-
tex. Our observations showed that DJ-1 abundance varies in a

Neuronal Intracellular DJ-1 Trafficking

brain region-specific fashion and that DJ-1 increases during early
neuronal development and neuritogenesis.

DJ-1 subcellular localization is not dependent on develop-
mental stage. To determine if there is a change in subcellular
localization patterns during neuritogenesis, we immunostained
neurons at 1 to 9 DIV for DJ-1 and the neuron-specific cytoskel-
etal protein MAP2 (Fig. 2A). Despite the increase in DJ-1 expres-
sion at 6 to 9 DIV, there was no apparent change in localization in
the developed neurons. Endogenously expressed DJ-1 had a pre-
dominantly soluble cytosolic localization in the neuronal cell
body, neurites, and to a lower extent in the cell nuclei. A minimal
preference for mitochondrial localization of endogenous DJ-1 was
observed (Fig. 2B).

As various point mutant DJ-1 variants have been linked to
neurodegeneration and early-onset PD, we generated GFP fusions
to human wt DJ-1 and point mutant variants (A104T, D149A,
E163K, L166P, and C106A). Transient expression of the GFP-
tagged DJ-1 variants in neurons showed the same soluble, mainly
cytosolic localization pattern as seen for endogenous DJ-1 (Fig.
2C). However, DJ-1/L166P-GFP showed mitochondrial localiza-
tion (Fig. 2C), as first reported in COS-1 cells (41).

Mitochondrial localization of DJ-1/E163K is dependent on
wt DJ-1 deficiency. DJ-1/L166P is easily degraded and does not
form homodimers (42). To investigate the localization pattern of
the DJ-1 variants in the absence of endogenous DJ-1, we used DJ-1
knockout MEF cells. Transient expression of wt DJ-1 or mutated
DJ-1variants in DJ-1"/" cells revealed a major difference between
the cell types. Cytosolic DJ-1/E163K-GFP in neurons was exclu-
sivelylocalized to mitochondria in DJ-1 ~/~ MEF cells (Fig.3A).1In
DJ-17'" cells, DJ-1/L166P localized as before to mitochondria,
while wt DJ-1 and other variants (DJ-1/A104T, DJ-1/D149A, and
DJ-1/C106A) remained cytosolic. Mitochondrial localization was
confirmed using by the TOM?7 signaling sequence fused to GFP
and COX8-dsRed2. To confirm that GFP did not cause mislocal-
ization, tagless DJ-1 variants were expressed in DJ-1 ~/~ MEF cells
and stained with an anti-DJ-1 antibody (Fig. 3B). The same mito-
chondrial localization pattern for tagless DJ-1/E163K and DJ-1/
L166P was observed. Reduced nuclear localization of tagless DJ-1
wt and mutated DJ-1/A104T, DJ-1/D149A, and DJ-1/C106A was
observed in comparison to GFP-tagged DJ-1, under nonstressed
conditions. The absence of endogenous DJ-1in DJ-1"/" cells was
verified by Western blotting (Fig. 3C).

To verify the localization patterns for wt DJ-1 and the DJ-1
variants, we performed subcellular fractionation studies on trans-

FIG 3 DJ-1/E163K mitochondrial localization occurs in the absence of wt DJ-1. (A) CLSM images of MEF DJ-1"/" cells transiently expressing human wt
DJ-1-GFP indicated point mutant DJ-1-GFP variants or the mitochondrion marker TOM7-GFP (green) for 24 h. Cells were cotransfected with the mitochon-
drion marker COX8-DsRed2 (red) and counterstained with a nucleus marker (blue). Bar, 10 pm. (B) CLSM images of MEF DJ-1"'" cells transiently expressing
tagless human wt DJ-1 or point mutant DJ-1 variants for 24 h and immunocytochemically stained for DJ-1 (green) and a nucleus marker (blue). Single confocal
scans though the cell nuclei are shown in both panels A and B. Bar, 10 wm. (C) SDS-PAGE and Western blot analysis of endogenous DJ-1 and actin protein
expression in total cell lysates from wt and DJ-1~"~ MEF cells. Results for two parallel samples are shown. (D) SDS-PAGE and Western blot analysis of GFP and
actin protein expression in isolated cell fractions from DJ-1"/" cells transiently expressing human wt DJ-1-GFP, point mutant DJ-1-GFP variants, or the
mitochondrion marker TOM7-GFP. SN, total amount of extracted proteins including fractions P1, SN2, and P2 and excluding intact cells, nuclei, and cell
debris; P1, high-molecular-weight (HMW) fraction containing large mitochondria; SN2, soluble proteins; P2, low-molecular-weight (LMW) fraction containing
proteins bound to small organelles (lysosomes, peroxisomes, small mitochondria). (E) Quantification of data from images shown in panel A. All values were
normalized to total protein extraction (SN1) and are shown as the fold change compared to wt DJ-1-GFP. The means * standard errors of the means for three
data sets are shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (F) Irreversible loss of the alpha-helical secondary structure at physiological temperatures, based
on the following analyses: (i) far-UV CD spectra of purified DJ-1 wt (solid line) and DJ-1/E163K (dashed line), recorded at 20°C; (ii) the DJ-1 wt spectrum (blue
line) at 20°C, for the same sample after incubation at 37°C for 20 min (red line), and as rerecorded after equilibration at 20°C for 5 min (green line); (iii) the
DJ-1/E163K spectrum (blue line) at 20°C, the same sample after incubation at 37°C for 20 min (red line), and as rerecorded after equilibration at 20°C for 5 min
(green line).
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fected DJ-1"/~ MEF cells (Fig. 3D). Due to reduced stability of
mutated DJ-1 (7, 42), especially DJ-1/L166P and DJ-1/163K, all
values were normalized to total DJ-1 extraction (SN1) and are
reported here as the fold change compared to wt DJ-1-GFP. A
statistically significant increase in DJ-1/E163K and DJ-1/L166P
was found in the high-molecular-weight organelle fractions con-
taining mitochondria (Fig. 3E). DJ-1 wt, DJ-1/A104T, DJ-1/
D149A, and DJ-1/C106 were predominantly found in the cytoso-
lic fraction, while DJ-1/E163K and DJ-1/L166P were significantly
reduced (Fig. 3D and E).

To test whether the E163K mutation had an effect on the over-
all structural integrity of DJ-1, we purified wt DJ-1 and DJ-1/
E163K, followed by analysis using far-UV CD spectroscopy. We
observed that DJ-1/E163K exhibited irreversible loss of the alpha-
helical secondary structure at 37°C compared to the wt; this would
possibly contribute to mitochondrial localization (Fig. 3F).

DJ-1/E163K is sequestered by wt DJ-1 in the cytosol through
H,0,-dependent dimerization. Our analysis of DJ-1 localization
in primary neuronal cultures and in DJ-17'" cells demonstrated
considerable localization differences for DJ-1/E163K (Fig. 2C and
3A). Since the lack of endogenous DJ-1 in DJ-1""" cells was the
most obvious difference, we hypothesized that wt DJ-1 was able to
sequester DJ-1/E163K in the cytosol. To test this, we transiently
coexpressed mutated variants of DJ-1-GFP with tagless wt DJ-1 in
DJ-1""" cells. Immunoprecipitation of GFP-tagged protein re-
vealed that DJ-1/L166P was unable to heterodimerize with wt
DJ-1, while DJ-1/E163K formed heterodimers with wt DJ-1 (Fig.
4A, left panel).

To analyze whether the DJ-1 variants could homodimerize, we
transiently coexpressed wt DJ-1-GFP or DJ-1 variants fused to
GFP with the corresponding DJ-1 mutant lacking GFP. Immuno-
precipitation of GFP-tagged protein revealed that both DJ-1/
E163K and DJ-1/L166P were unable to homodimerize (Fig. 4A,
right panel). It is likely that the loss of DJ-1/E163K ho-
modimerization is due to the loss of secondary structure (Fig. 3F).

To study the H,O,-induced stress protective mechanism of
DJ-1, we initially assessed cell survival for DJ-1"'" cells and pri-
mary neurons exposed to increasing H,O, concentration for 24 h
(Fig. 4B and C). To further explore the H,O, stress-induced
mechanism of DJ-1 and its role in DJ-1 dimerization, we immu-
noprecipitated GFP-tagged DJ-1 variants from cells coexpressing
tagless wt DJ-1 exposed to a nontoxic H,O, concentration (30
M) for 18 h. This revealed a clear reduction of coimmunopre-
cipitated tagless wt DJ-1, indicating that the DJ-1 dimers dissoci-
ated upon stress treatment (Fig. 4D). We then performed a time
course experiment where we immunoprecipitated DJ-1-GFP af-
ter 0,0.5,2, 6, and 18 h of exposure to 30 uM H,O, (Fig. 4E and F).
Quantification of coimmunoprecipitated DJ-1 showed a signifi-
cant loss of the DJ-1 dimer already after 2 h of exposure to H,O,.
The wt DJ-1 homodimers and heterodimers of DJ-1/E163K—-GFP
and wt DJ-1 were equally affected.

To connect the above findings and to verify the observed mo-
lecular mechanism for DJ-1, we coexpressed red fluorescently
tagged wt DJ-1 with DJ-1/E163K-GFP in DJ-1"'" cells and ana-
lyzed protein localization under control conditions and after 18 h
of exposure to 30 uM H,O, (Fig. 5A). In agreement with our
previous findings, DJ-1/E163K—GFP exhibited cytosolic localiza-
tion in the presence of wt DJ-1 under control conditions (Fig. 5A,
upper panel). A clear segregation of mutated and wt DJ-1 was
observed after H,O, treatment, and translocation of DJ-1/E163K-
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GFP to mitochondria was observed (Fig. 5A, lower panel), con-
firming our initial findings. To confirm that the observed effect
was independent of the fusion tag, we also coexpressed tagless wt
DJ-1 with DJ-1/E163K-GFP and performed the stress treatment
described above. The same soluble localization patterns with ta-
gless wt DJ-1 under control conditions and segregation upon
H,0,-induced stress were observed for DJ-1/E163K-GFP (Fig.
5B). Equal DJ-1 protein expression was confirmed by Western
blotting (Fig. 5C).

We also assessed the loss of DJ-1 heterodimers upon treatment
of primary neurons. The localization of transiently expressed DJ-
1/E163K-GFP was analyzed under control conditions and after
exposure to 30 uM H,0O, (Fig. 5D). DJ-1/E163K-GFP exhibited
cytosolic localization under control conditions (Fig. 5D, upper
panel, and 2C). However, a distinct translocation of DJ-1/E163K—
GFP to mitochondria was observed in neurons exposed to H,0O,
(Fig. 5D, lower panel).

DJ-1 translocates to the nucleus as a monomer in response to
oxidative stress. We also observed via confocal laser scanning
microscopy (CLSM) analysis an enhancement of wt DJ-1-GFP
levels inside nuclei of transfected DJ-1"/" cells after exposure to
30 uM H,O0, for 24 h (Fig. 6A). By comparing the cross-sectional
intensity profiles of DJ-1-GFP in control cells versus H,O,-
treated cells, we measured a >60% increase in the mean fluores-
cence intensity (MFI) inside the cell nuclei (MFI,) after H,O,
treatment (Fig. 6B). To further investigate the relocalization pat-
tern of wt DJ-1 upon H,O, treatment, we performed subcellular
fractionation studies of wt DJ-1-GFP-expressing DJ-17"" cells
(Fig. 6C). Upon H,0, treatment, a significant 2-fold increase in
the total amount of wt DJ-1-GFP in the isolated cell nuclear frac-
tion was observed (Fig. 6C and D). By using native polyacrylamide
gel electrophoresis (native PAGE), we also confirmed that the in-
crease in nuclear wt DJ-1-GFP was due to a significant accumu-
lation of monomeric DJ-1 (Fig. 6C and D). No significant altera-
tions of cytosolic wt DJ-1-GFP were observed upon H,O,
treatment (Fig. 6C and E).

Our findings showed that H,O, treatment disrupts the DJ-1
dimeric complex and activates monomeric DJ-1 accumulation in
the cell nuclei. To enable characterization of H,0O,-activated mo-
nomeric DJ-1 in intact cells, we developed antibody S3618-2,
which was devised to recognize only monomeric DJ-1. The anti-
body was designed to target amino acids 13 to 30, which comprise
an exposed alpha-helical structure when DJ-1 is in its monomeric
form, while this section of the protein is buried within the inter-
face of the two DJ-1 protein monomers in the dimeric complex
(Fig. 7A). The specificity of the newly produced DJ-1 antibody
$3618-2 toward the synthetic peptide N'-GAEEMETVIPVDVMR
RAG(C) was tested in an enzyme-linked immunosorbent assay
(ELISA) (Fig. 7B and C). The specificity of anti-DJ-1 S3618-2
toward full-length DJ-1 was tested by immunocytochemical stain-
ing and Western blotting of wt and DJ-1"" cells (Fig. 7D and E)
To characterize the specificity of $3618-2 for monomeric DJ-1, wt
DJ-1-GFP expressed in DJ-1"' cells was separated by native
PAGE and blotted with S3618-2 (Fig. 7F). The same membrane
was reblotted with anti-GFP to identify both monomeric and di-
meric forms of DJ-1-GFP (Fig. 7F). This characterization showed
that S3618-2 has high specificity for the targeted peptide/protein
and recognizes only the monomeric form of full-length DJ-1.

The localization pattern of endogenously expressed DJ-1 in
primary neurons under control conditions or after exposure to 30
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FIG 4 DJ-1/E163K is unable to form homodimers, and DJ-1 dimers are disrupted by H,O,-induced stress. (A, upper panel) SDS-PAGE and Western blot
analysis of anti-GFP-immunoprecipitated human DJ-1 wt GFP or point mutant DJ-1-GFP variants expressed in DJ-17/" cells coexpressing the indicated DJ-1
variant without a tag. Lack of coimmunoprecipitated DJ-1 is highlighted by the boxes. (Lower panel) Total cell lysate prior to immunoprecipitation. (B) Survival
curve for MEF DJ-1""" cells exposed to 0 to 3,300 M H,O, for 24 h. The means = standard errors of the means (SEM) for five parallel data sets, repeated twice,
are shown. (C) Survival curve for 6 DIV primary granule neurons exposed to 0 to 270 uM H, O, for 24 h. The means = SEM for four parallel data sets are shown.
(D) SDS-PAGE and Western blot analysis of anti-GFP-immunoprecipitated human DJ-1-GFP variants, as shown in panel A, with the addition of 30 uM H,0,
stress for 18 h. (E) SDS-PAGE and Western blot analysis of anti-GFP-immunoprecipitated human wt DJ-1-GFP and coimmunoprecipitated tagless wt DJ-1 from
DJ-1""" cells exposed to 30 uM H, 0, stress for 0 to 18 h. (F) Quantification of results shown in panel E for coimmunoprecipitated tagless wt DJ-1 upon exposure
to 30 WM H,O0, stress for 0 to 18 h E. Means £ SEM for three data sets are shown. All values are shown as a percentage of the 0-h control. ***, P < 0.001.

wM H,O, for 18 h was further assessed by immunocytochemical
staining (Fig. 8). Detection of total DJ-1 protein in intact neuron
under control conditions showed the same predominantly cyto-
solic expression pattern (Fig. 8A, upper panel). Exposure to H,O,
and analysis of total DJ-1 by CLSM did not, by visual analysis,
detect any dramatic change in total DJ-1 localization (Fig. 8A,
lower panel). However, by comparing the cross-sectional intensity
profiles of total DJ-1 protein (Fig. 8B), we measured a significant
2-fold increase in the nuclear MFI after H,O, exposure (Fig. 8C).
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In parallel, the localization pattern of endogenous monomeric
DJ-1 in primary neurons was assessed using S3618-2 (Fig. 8D to
F). Under control conditions we observed nuclear localization for
monomeric DJ-1, while dramatic enhancement of the nuclear
monomeric DJ-1 signal was detected in the neurons after 30 uM
H,0, treatment (Fig. 8D). Cross-sectional intensity profiles of
monomeric DJ-1 again confirmed a significant increase in the
nuclear MFI after H,O, treatment (Fig. 8E and F). We also de-
tected reducted monomeric DJ-1 in the cytosol after H,0, treat-
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FIG 5 DJ-1 wt sequesters DJ-1/E163K in the cytosol through H,0,-dependent dimerization. (A) CLSM images of DJ-1~/" cells transiently expressing human
wt DJ-1-pdtTomato (red) and DJ-1/E163K—GFP (green), in the presence of absence of 30 M H,O, for 18 h. Bar, 10 pm. (B) CLSM images of MEF DJ-1"/" cells
expressing DJ-1/E163K—GFP only (upper panel) or coexpressed with tagless wt DJ-1 (lower panel). DJ-1/E163K—GFP localized to mitochondria if wt DJ-1 was
not present (upper panel). DJ-1/E163K-GFP stayed in the cytoplasm when coexpressed with wt DJ-1 (lower left panel), whereas mitochondrial relocalization of
DJ-1/E163K—GFP was apparent after H,O,-induced stress for 18 h (lower right). (C) Anti-DJ-1 Western blot for protein expression for images shown in panel
B. (D) CLSM images of wt 7 DIV primary granule neurons transiently expressing point mutants of human DJ-1/E163K-GFP (green) and the mitochondrial
marker COX8-DsRed2 (red), in the absence or presence of 30 uM H, 0O, for 24 h. Neurons were counterstained with a nuclear marker (blue). Bar, 10 pm.

ment, indicating that monomeric DJ-1 that formed in the cytosol
was transported into the nuclei (Fig. 8F).

Nuclear translocation of monomeric DJ-1 is mediated by
karyopherin 32 binding to the DJ-1 PY-NLS and is enhanced by
oxidative stress. We found that human DJ-1 lacks classical NLSs
(43). However, a nonclassical PY-NLS consensus sequence (44)
was identified in human DJ-1 and found to be conserved between
species (Fig. 9A). The PY-NLS sequence had an N-terminal hy-
drophobic motif and was localized within amino acids 50 to 67. To
test whether this PY-NLS sequence could act as a DJ-1 nuclear
localization driver, we constructed a set of GFP expression vectors
containing N-terminal signaling peptides from human DJ-1 (Fig.
9B). By expressing the constructed fusions in DJ-17'" cells, we
could observe a pronounced localization of GFP to the cell nuclei
in cases where the DJ-1 PY-NLS sequence was included in the
N-terminal signaling peptide (Fig. 9C). None of the tested DJ-1
signaling peptides that were fused to GFP were seen to localize to
mitochondria. The PY-NLS consensus sequence enables nuclear
localization through a direct interaction with karyopherin (2
(44). To determine if human DJ-1 was able to bind to karyopherin
B2, we immunoprecipitated endogenous DJ-1 from human neu-
roblastoma cells and analyzed the purified DJ-1 for coimmuno-
precipitated karyopherin 32 (Fig. 9D). Our analysis showed that
endogenously expressed karyopherin B2 coimmunoprecipitated
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with DJ-1 and that the binding could be enhanced more than
2-fold by exposing cells to 30 wM H,O,. To further test if DJ-1
binding to karyopherin 32 was affected by C106 oxidation state or
PD mutation, we also immunoprecipitated GFP-tagged DJ-1 mu-
tants. Endogenously expressed karyopherin 32 coimmunopre-
cipitated with DJ-1/C106A, DJ-1/A104T, and DJ-1/D149A, while
coimmunoprecipitation with DJ-1/E163K was not detected (Fig.
9E). This analysis indicated that oxidation of C106 is not crucial
for DJ-1 binding to karyopherin 32 and subsequent nuclear trans-
location. It also showed that DJ-1/E163K is not actively trans-
ported by karyopherin 32, which may have an implication for
DJ-1/E163K mitochondrial delocalization.

DISCUSSION

In this study, we investigated the cytoplasm-mitochondrion and
cytoplasm-nucleus trafficking of DJ-1 and its mutated variants.
We demonstrated that translocation from the cytosol to either
organelle is dependent on a shift from a dimeric to a monomeric
state, which is determined by the oxidative environment and the
nature of the mutated forms of DJ-1. Combined with our findings
that DJ-1 abundance is brain region specific and that its levels are
regulated during neuronal development and neuritogenesis, our
data provide new insights into the developmental and intracellu-
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lar dynamic nature of DJ-1, which possibly contributes to its ob-  the brain region (45). We have extended this analysis by analyzing
served pleiotropic nature. DJ-1 protein levels in 25 different human brain regions. We found

Within neurons, DJ-1 appears to be critical as a neuropro-  alow abundance of DJ-1 in areas originating from the brain stem,
tectant, as seen in response to oxidative stress, and in maintaining  while elevated DJ-1 levels were found in the striatum, hippocam-
mitochondrial integrity (9—13). As alterations in neuronal func-  pal, neocortical, and cerebellar areas (Fig. 1A). This brain region-
tion in PD subjects is widespread and is observed in a predomi-  specific DJ-1 abundance pattern indicates that the need for DJ-1-
nant caudal-to-rostral progression, it is reasonable to expect that mediated neuroprotection may vary within different brain
PD-associated genes may be differentially regulated within differ-  substructures. This may also be the case during neuronal develop-
ent brain regions. Indeed, DJ-1 mRNA levels vary depending on  ment and neuritogenesis, as DJ-1 protein levels increase during
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are shown.

early neuronal development in vitro (Fig. 1D) and during brain
development in mice in vivo (Fig. 1E).

DJ-1 represents a dynamic protein (7, 16, 17). It appears that
the cytosol represents the default localization of homodimeric wt
DJ-1 under nonstressed conditions (7, 20, 46). In response to ox-
idative damage, wt DJ-1 does show mitochondrial accumulation
that is dependent on Parkin and possibly PINK1 (46). The first
identified pathogenic PD DJ-1 mutant, DJ-1/L166P, which is un-
able to form homodimers, translocates to mitochondria (4, 31,
47). DJ-1/L166P also exhibits reduced stability and enhanced pro-
teasome-mediated degradation, which possibly contribute to the
altered localization patterns (31). Mitochondrial localization is
also mediated by C106 oxidation (7) but is not essential, as DJ-1/
E18A lacking C106 oxidation also translocates to mitochondria
(20). We showed that DJ-1/E163K forms heterodimers with wt
DJ-1 and that wt DJ-1 retains DJ-1/E163K in the cytosol under
nonoxidative conditions (Fig. 10). However, DJ-1/E163K is un-
able to homodimerize and translocates to mitochondria in the
absence of wt DJ-1, as is also the case for DJ-1/L166P (Fig. 3A).
DJ-1/L166P is unable to interact with wt DJ-1, suggesting that
DJ-1/E163K represents a unique variant in terms of its homo- and
heterodimeric potential (Fig. 3). Interestingly, DJ-1/A104T, DJ-1/
D149A, and DJ-1/C106A were able to form homodimers and het-
erodimers with wt DJ-1 (Fig. 3A and 4A). Although it has been
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shown that DJ-1/A104T and DJ-1/E163K remain unchanged in
terms of their secondary structure and dimerization potential at
20°C (48), we showed that DJ-1/E163K irreversibly looses alpha-
helical secondary structures at physiological temperatures, possi-
bly explaining the loss of dimerization and mitochondrial trans-
location (Fig. 3F). In vitro studies, using differential scanning
calorimetry, have indeed shown that the E163K mutation de-
creases the thermal stability of the homodimer by at least 11°C
(48). This is mainly the result of disruption of the salt bridge
formed with R145 of the corresponding monomer. We note that
this interaction is likely a strongly conserved feature, as evidenced
by the highly conserved nature of these positions in DJ-1 ho-
mologs. The heterodimer would conserve one half of the salt
bridge interaction and may in fact explain how the heterodimer
influences the stability of the E163K mutant.

The DJ-1 peroxiredoxin-like peroxidase activity and its H,O,-
scavenging ability (6) suggest that oxidative stress influences its
localization dynamics. Both wt DJ-1 and DJ-1/C106A translocate
to mitochondria in response to oxidative stress (4, 7, 46), and
DJ-1/L166P and DJ-1/M26I, which do not homodimerize, are mi-
tochondrial variants (4, 20, 49). We showed here that the het-
erodimerization abilities of DJ-1/A104T, DJ-1/D149A, and DJ-1/
C106A with wt DJ-1 are either absent (C106A) or highly reduced
(A104T and D149A) in the presence of nontoxic H,0O, levels
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FIG 8 Oxidative stress induces the translocation of monomeric DJ-1 from the cytosol to the nucleus in primary neurons. (A) CLSM images of 7 DIV primary
neurons, with or without treatment with 30 wM H,O, for 18 h and immunocytochemically stained with pan-anti-DJ-1 NO1A (green) for detection of the total
amount of endogenously expressed DJ-1. Neurons were counterstained with the nucleus marker Hoechst 33342 (blue). Cross-sectional areas are marked with
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anti-DJ-1 $3618-2 antibody, which recognizes monomeric DJ-1. Single confocal scans though the cell nuclei are shown in both panels A and D. Bar, 10 pm. (E)
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primary neurons, with or without exposure to 30 uM H,0O, for 18 h, shown in panel E. The mean (=SEM) intensities are shown. **, P < 0.01; ***, P < 0.001.

(Fig. 4D). However, we did not observe any mitochondrial re-
cruitment of DJ-1/A104 or DJ-1/D149 in the absence of or in
response to H,0,, Paraquat, metals (Cu, Co, Fe), dopamine, or
DOPAL treatments (data not shown) demonstrated that mito-
chondrial localization mediated through dimerization is muta-
tion dependent. We also showed that wt DJ-1 loses it ho-
modimerization ability in response to H,O, exposure and that this
is time dependent: homodimerization is almost completely abol-
ished after 2 h of oxidative stress treatment (Fig. 4E). Indeed, the
heterodimerization of wt DJ-1 with DJ-1/E163K was equally af-
fected (Fig. 4F). A recent study showed that paraquat or H,O,
exposure of HEK 293T cells overexpressing wt DJ-1 bimolecular
fluorescent complementation (BiFC) constructs led to an en-
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hancement of the fluorescence BiFC signal, suggesting oxidative
stress-mediated stabilization of wt DJ-1 homodimers (50). The
ambiguity of the expermental data may be due to BiFC technology
disadvantages, as formation of the fluorescent complex is irrevers-
ible, making it challenging to detect dimerization loss (51). It is
therefore essential to verify BiFC-positive interactions by a sepa-
rate approach. To this end, we showed that DJ-1/E163K remains
cytosolic under nonstressed conditions, while a clear transloca-
tion to mitochondria occurred in response to H,O, treatment
both in DJ-1"/~ MEF cells coexpressing wt DJ-1 and DJ-1/E163K
and in primary wt neurons expressing DJ-1/E163K (Fig. 5A to D).
Combined, these data demonstrate that DJ-1 cytoplasm-mito-
chondrion trafficking is dependent on (i) the dimerization state of
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FIG 10 Model for oxidative stress-dependent cytoplasm-mitochondrion and
cytoplasm-nucleus DJ-1 trafficking in neuronal cells. Under normal condi-
tions, DJ-1 is present as a dimeric cytosolic structure. Upon oxidative stress,
activation of DJ-1 dimerization is disrupted, followed by an interaction,
through its PY-NLS domain, with karyopherin 32 (KAPB2), which translo-
cates cytosolic monomeric DJ-1 to the nucleus. The clinical DJ-1 mutation
E163K has a profound effect on cytoplasm-mitochondrion trafficking in neu-
rons. Under normal physiological conditions, wt DJ-1 is able to sequester
DJ-1/E163K in the cytosol. However, in response to oxidative stress, this
dimerization is disrupted, leading to DJ-1/E163K translocation to mitochon-
dria. As DJ-1/E163K is unable to form homodimeric structures, a homozygous
DJ-1/E163K state leads to the accumulation of an antioxidant-defective DJ-1.

both wt DJ-1 and mutant variants, (ii) the hetero- or homozygotic
nature of the DJ-1/E163K allele, and (iii) the cellular oxidative
environment (Fig. 10). The protective role of DJ-1 toward mito-
chondria can be explained in part by its direct H,O,-scavenging
ability (6). The protective mitochondrial role of DJ-1 may also
align with the roles of Parkin and PINKI. PINK1 and Parkin
maintain mitochondrial integrity, and DJ-1 forms a complex with
PINK1 and Parkin that promotes ubiquitination of Parkin sub-
strates (52). However, genetic studies have revealed that DJ-1 can
rescue PINK1 but not Parkin loss-of-function phenotypes, that
Parkin and PINK1 are unable to rescue DJ-1 loss-of-function phe-
notypes, and that PINK1-mediated mitochondrial fragmentation
cannot be rescued by DJ-1 (53). Studies have also shown that DJ-1
is recruited to mitochondria in response to oxidative stress and
that this is dependent on Parkin and possibly PINK1 (46). Clearly,
the interplay between these three proteins is complex, but the
possibility exists that their molecular relationship is influenced by
the degree of oxidative stress, combined with specific DJ-1 muta-
tions.

DJ-1/E163K results in a severe phenotype that includes Parkin-
sonism, cognitive decline, and amyotrophic lateral sclerosis at an

Neuronal Intracellular DJ-1 Trafficking

early age (25 years) when subjects are homozygous for the muta-
tion (54). In line with this, we found that DJ-1/E163K, in the
presence of wt DJ-1 (heterozygous state), was retained in the cy-
tosol while mitochondrial translocation of DJ-1/E163K occurred
in the absence of wt DJ-1 (homozygous state). DJ-1/E163K does
not rescue cells under conditions of oxidative stress, and it is pos-
sible that DJ-1/E163K homozygous subjects harbor neurons that
are vulnerable to oxidative stress due to the mitochondrial trans-
location of antioxidant-deficient DJ-1/E163K. Conversely, in a
heterozygous state, the wt DJ-1 retains DJ-1/E163K in the cytosol
through heterodimerization, perhaps allowing a fraction of wt
DJ-1 monomers, released from the homodimeric state, to trans-
locate to mitochondria in response to oxidative stress. However,
the plausibility of this may depend on the stability of DJ-1/E163K,
as both wt DJ-1 homodimers and wt DJ-1/DJ-1/E163K het-
erodimers showed a similar reduction in dimerization potential in
response to oxidative stress (Fig. 4F).

Within the nucleus, DJ-1 has several roles. DJ-1 can interact
with and sequester Daxx, leading to loss of Askl activation and
prevention of cell death (55, 56). DJ-1 also acts as a coactivator of
various pathways, including that for the androgen receptor (24,
25), Nrf2-mediated detoxification (26), and the p53 pathway (27,
28). DJ-1 has been shown to be a neuroprotective transcriptional
coactivator that binds to PSF and also to the TH promoter, ulti-
mately regulating dopamine production (29, 30). Although DJ-1
can be redirected to the nucleus, the mechanisms are unknown.
DJ-1 can translocate into the nucleus under normal conditions,
and we showed that nuclei of cells exposed to nontoxic levels of
H,0, had a 2-fold increase in total nuclear accumulation of DJ-
1-GFP (Fig. 6A and B). This was in agreement with recent studies
that showed DJ-1 nuclear localization in response to both 6-hy-
droxydopamine and H,O, treatment (57). Based on our findings
that oxidative stress disrupts DJ-1 dimerization and that DJ-1
monomers translocate to mitochondria, we also found that the
increase in oxidative stress-mediated nuclear DJ-1-GFP levels was
due to accumulation of the monomeric form of DJ-1 (Fig. 6C and
D). This demonstrated that relocation of DJ-1 from its default
cytosolic localization to either mitochondria or the nucleus de-
pends on the oxidative environment and the conversion from a
dimeric to a monomeric state (Fig. 10).

We generated a unique monomeric form-specific anti-DJ-1
antibody (Fig. 7) to characterize endogenous monomeric DJ-1
nuclear accumulation in vivo. We found that endogenous DJ-1 in
primary neurons translocates to the nucleus in response to oxida-
tive stress (Fig. 8A to C), verifying that nuclear translocation is due
to DJ-1 and not the GFP fusion partner or to overexpression.
Although DJ-1-GFP accumulates in nuclei as a monomer in re-
sponse to oxidative stress (Fig. 6), DJ-1 monomeric structures
may be imported into the nucleus either as a monomer or as a
dimer that undergoes a state change within the nucleus. We found
a significant increase in nuclear monomeric DJ-1 in response to

peptides fused to full-length GFP. The two domains of the identified PY-NLS sequence, spanning amino acids 50 to 67, are highlighted in red. The length of the
illustrated signaling peptides and full-length GFP are not in proportion to their actual sizes. (C) CLSM images of DJ-1~"~ cells transiently expressing N-terminal
DJ-1 signaling peptides fused to full-length GFP (green), as illustrated in panel B. Cells were cotransfected with the mitochondrion marker COX8-DsRed2 (red)
and counterstained with a nucleus marker (blue). Bar, 10 wm. (D) SDS-PAGE and Western blot analysis of immunoprecipitated (IP) endogenously expressed
DJ-1 and coimmunoprecipitated endogenously expressed karyopherin 32 from human neuroblastoma cells. The cells were exposed to 0 to 30 wM H,O, for 18
h prior to immunoprecipitation. The change in coimmunoprecipitated karyopherin 32 upon H,O,-induced stress is indicated as the fold change compared to
cells without stress. (E) SDS-PAGE and Western blot analysis of immunoprecipitated overexpressed mutated DJ-1-GFP variants and coimmunoprecipitated

endogenously expressed karyopherin 32 from human neuroblastoma cells.
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oxidative stress, with an associated decrease in cytosolic mono-
meric DJ-1 (Fig. 8D to F), suggesting that endogenous DJ-1 is
translocated to the neuronal nucleus as a monomer (Fig. 10).

DJ-1 lacks a classical NLS but contains a nonclassical PY-NLS
sequence at the N terminus (amino acids 50 to 67), which shows a
high degree of conservation (Fig. 9A). The ability of this PY-NLS
sequence to specifically translocate wt DJ-1 into the nucleus was
shown by working with PY-NLS-GEFP fusions (Fig. 9B), in which
nuclear localization was observed when the PY-NLS was present
in the targeting sequences (Fig. 9C). Karyopherin (32 can interact
directly with PY-NLS sequences, mediating nucleocytoplasmic
trafficking, and we showed that wt DJ-1 interacts with
karyopherin B2 (Fig. 9D). Interestingly, we found that a nontoxic
H,O, concentration enhanced the DJ-1 PY NLS—karyopherin (32
interaction more than 2-fold compared to control cells (Fig. 9D).
Within the DJ-1 three-dimensional structure, we observed that
the PY-NLS sequence (amino acids 50 to 54) is partly buried be-
tween the DJ-1 monomeric interfaces. This observation suggests
that karyopherin B2 preferentially binds to monomeric DJ-1 with
the entire PY-NLS sequence exposed. Combined, these results
suggest that monomeric wt DJ-1 can bind to karyopherin (32
through its PY-NLS sequence, which leads to karyopherin (32-
mediated nuclear translocation, and that this translocation is in-
creased by oxidative stress (Fig. 10). Alanine substitution at the
oxidation site C106 did not render DJ-1 able to bind to
karyopherine B2 (Fig. 9E). This indicated that oxidation-induced
monomerization, rather than specific C106 oxidation, is the driv-
ing force for DJ-1 nuclear translocation. We believe that a pre-
dominant part of the H,0,-activated monomeric wt DJ-1 remains
in the cytosol by reforming homodimeric DJ-1 complexes, and
this warrants further investigation.

The dynamic trafficking of cytosolic DJ-1 to mitochondria and
the nucleus in response to oxidative stress and as seen with DJ-1
mutant variants overshadows its potential roles in the cytosol.
However, the ability of DJ-1 to bind RNA targets in the cytosol in
an oxidative stress-dependent manner (21) suggests that DJ-1
plays pivotal roles in all three subcellular locations, with oxidative
stress being the common denominator.
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