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DJ-1 is an oncogene and the causative gene for familial Parkinson’s disease. Although the oxidative status of DJ-1 at cysteine 106
(C106) is thought to affect all of the activities of DJ-1 and excess oxidation leads to the onset of various diseases, the precise mo-
lecular mechanisms underlying the effects of oxidation of DJ-1 on protein-protein interactions of DJ-1 remain unclear. In this
study, we found that DJ-1 bound to the DNA-binding region of p53 in a manner dependent on the oxidation of C106. Of the p53
target genes, the expression level and promoter activity of the DUSP1 gene, but not those of the p21 gene, were increased in
H2O2-treated DJ-1�/� cells and were decreased in wild-type DJ-1- but not C106S DJ-1-transfected H1299 cells through seques-
tration of p53 from the DUSP1 promoter by DJ-1. DUSP1 downregulated by oxidized DJ-1 activated extracellular signal-regu-
lated kinase (ERK) and decreased apoptosis. The DUSP1 and p21 promoters harbor nonconsensus and consensus p53 recogni-
tion sequences, respectively, which have low affinity and high affinity for p53. However, DJ-1 inhibited p21 promoter activity
exhibited by p53 mutants harboring low DNA-binding affinity but not by wild-type p53. These results indicate that DJ-1 inhibits
the expression of p53 target genes and depend on p53 DNA-binding affinity and oxidation of DJ-1 C106.

We identified DJ-1 (also known as Park7) as a novel oncogene
that induces anchorage-independent growth of fibroblasts

cooperatively with activated ras (1), and we later found it to be the
causative gene for a familial form of Parkinson’s disease (2). DJ-1
has 3 cysteines located at amino acids 46, 53, and 106 (C46, C53,
and C106, respectively). Of the 3 cysteines, C106 is first oxidized as
the SOH, SO2H, and SO3H forms, and excessive oxidation then
causes oxidation of C46 and C53 (3, 4). The C106S mutant of
DJ-1, which is a substitution mutant of DJ-1 at amino acid 106
from cysteine to serine, possesses little or no protective activity
against neuronal cell death induced by oxidative stress (4–8), and
abnormally oxidized forms of DJ-1 have been observed in patients
with sporadic forms of Parkinson’s disease (9). From these points,
it seems that C106 is the most important cysteine for maintaining
the function of DJ-1. Although the oxidative status of DJ-1 affects
the activities of DJ-1 toward cells and disease, the precise molec-
ular mechanisms remain unclear.

DJ-1 binds to various factors, including transcriptional factors
such as androgen receptor (10, 11), p53 (12, 13), polypyrimidine
tract-binding protein-associated splicing factor (PSF) (14), and
Keap1, an inhibitor for nuclear factor erythroid 2-related factor 2
(Nrf2) (15). However, it is not known how DJ-1 chooses its suit-
able binding protein(s) during the course of oxidative stress.

p53 is a tumor suppressor protein that activates transcriptional
programs under various types of cellular stress, including oxida-
tive stress. It is not clear, however, how p53 determines a point
leading to cell cycle arrest and apoptosis. Recent reports have sug-
gested that the activation of specific promoters by p53 is achieved
through its interactions with heterologous transcription factors
such as Hzf, human cellular apoptosis susceptibility (hCAS)/
CSE1L, and ankyrin repeat-, SH3 domain-, and proline-rich re-
gion-containing protein (ASPP) family proteins (16–18). DJ-1 di-
rectly binds to p53 to restore p53 transcriptional activity by
inhibiting sumoylation of p53 through the interaction of DJ-1
with Topors/p53BP3, a SUMO-1 ligase for p53 (19). Sumoylation
of DJ-1 itself is necessary for DJ-1 to localize from the cytoplasm to

the nucleus (20), and DJ-1 is a negative regulator for sumoylation
(21). Moreover, DJ-1 decreases Bax expression through repres-
sion of p53 transcriptional activity by an unknown mechanism
(12). Although DJ-1 regulates p53 transcriptional activity through
interaction with a SUMO-1 ligase of p53 and regulates its location,
it is still unclear whether the oxidative status of DJ-1 affects p53
activity. We hypothesized that the oxidative status of DJ-1 con-
tributes to its binding activity to various proteins to regulate their
functions.

In this study, we found that DJ-1 bound to the DNA-binding
region of p53 in a manner dependent on the oxidative status of
DJ-1 and that the oxidation of C106 was essential for DJ-1 binding
to p53, resulting in alteration of the DNA-binding affinity of p53.
Furthermore, DJ-1 repressed the transcriptional activity of p53 in
a manner dependent on the p53 DNA-binding affinity.

MATERIALS AND METHODS
Cell cultures and mice. HEK293T, A549, H1299, and mouse embryonic
fibroblast cells were cultured at 37°C in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% calf serum. DJ-1 heterozygous
knockout mice were kindly provided by J. Shen (22), and DJ-1 homozy-
gous knockout mice (DJ-1�/�) and wild-type (WT) mice with the same
background (DJ-1�/�) were obtained. Newborn mice with genotypes of
DJ-1�/� and DJ-1�/� were cut 1 day after birth with scissors, digested
with trypsin, and seeded on a 10-cm dish in DMEM with 10% calf serum.
Cells obtained were fibroblasts and used as mouse DJ-1�/� and DJ-1�/�

cells. All animal experiments were carried out in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory
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Animals, and the protocols were approved by the Committee for Animal
Research at Hokkaido University (permit number 08-0468).

RT-PCR and real-time PCR. The nucleotide sequences of the primers
used for reverse transcriptase (RT)-PCR were 5=-TCCTCCCTGGAGAA
GAGCTA-3= (�-actin sense), 5=-CCAGACAGCACTGTGTTGGC-3= (�-
actin antisense [as]), 5=-CCGTGGACAGTGAGCAGTTG-3= (mouse p21
sense), 5=-GAAGACCAATCTGCGCTTGG-3= (mouse p21 as2), 5=-GAA
CGCGCCAGTGAACCCAA-3= (mouse NOXA sense), 5=-CTTTGTCTC
CAATCCTCCGG-3= (mouse NOXA as), 5=-TCCTCAGCCCTCCCTGT
CAC-3= (mouse PUMA sense), 5=-CCATTTCTGGGGCTCCAGGA-3=
(mouse PUMA as), 5=-CAGCTCCTGGTTCAACGAGG-3= (mouse
DUSP1 sense 2), and 5=-GCAGCTTGGAGAGGTGGTGAT-3= (mouse

DUSP1 as). The nucleotide sequences of the primers used for real-time
PCR were 5=-CCTAGGCACCAGGGTGTGAT-3= (mACTB 192-211F),
5=-GCTCGAAGTCTAGAGCAACA-3= (mACTB 734-753R), 5=-CCCTA
AGGCCAACCGTGAAA-3= (mACTB F-real-time), 5=-ACGACCAGAGG
CATACAGGGA-3= (mACTB R-real-time), 5=-CCTGGTTCAACGAGGC
TATTG-3= (mDUSP1 F-real-time), 5=-CCAGCTTTACCCGGTTAGTC
C-3= (mDUSP1 R-real-time), 5=-GTATCACGCTTCCCGCAAGG-3=
(human DUSP1 sense 3), 5=-CAAACACCCTTCCTCCAGCATTC-3=
(human DUSP1 as5), 5=-CGGCTGAGGAGTGGCTGG-3= (human actin
sense 3), and 5=-CCAGCCGAGACACGGCAT-3= (human actin as4). Af-
ter mouse primary or H1299 cells had been treated with 300 �M H2O2 for
0.25 to 4 h or 0.5 h, total RNAs were prepared and subjected to semiquan-

FIG 1 Oxidative stress enhances DJ-1 binding to p53. (A) HEK293T cells were transfected with FLAG-p53 and DJ-1–HA and treated with 1 mM H2O2 for 30 min
at 48 h after transfection. Proteins were analyzed by immunoprecipitation (IP) followed by Western blotting (IB). (B) HEK293T cells were transfected with
FLAG–DJ-1 and T7-p53 and analyzed as described for panel A. A549 cells (p53�/�) (C) and H1299 cells (p53�/�) (D) were treated with 300 �M H2O2 for 30 min,
and proteins were analyzed by immunoprecipitation followed by Western blotting. The intensities of the precipitated p53 bands in lanes 5 and 6 were quantified,
and their relative levels are shown under the blots. A549 cells were treated with (F) or without (E) 300 �M H2O2 for 30 min. Immunofluorescence analyses were
carried out using anti-p53 and anti-DJ-1 antibodies as described in Materials and Methods.
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titative RT-PCR and quantitative RT-PCR (real-time PCR) analyses. After
reactions, PCR products were extracted, separated on 2% agarose gels,
and stained with ethidium bromide. PCR conditions for RT-PCR were 1
min at 94°C, 30 s at 94°C, 30 s at 58°C, and 22 cycles of 1 min at 72°C for
�-actin, 1 min at 94°C, 30 s at 94°C, 30 s at 58°C, and 25 cycles of 1 min at
72°C for p21, 1 min at 94°C, 30 s at 94°C, 30 s at 58°C, and 28 cycles of 1
min at 72°C for NOXA, 1 min at 94°C, 30 s at 94°C, 30 s at 58°C, and 34
cycles of 1 min at 72°C for PUMA, and 1 min at 94°C, 30 s at 94°C, 30 s at
58°C, and 28 cycles of 1 min at 72°C for DUSP1. PCR conditions for
real-time PCR were 10 s at 95°C, 5 s at 95°C, and 44 cycles of 20 s at 60°C
for �-actin and 10 s at 95°C, 5 s at 95°C, and 44 cycles of 20 s at 60°C for
DUSP1.

Luciferase assays. pGL4.10-hDUSP1 and pGL3-hp21 were digested
with KpnI and HindIII, and each resultant fragment was inserted into
KpnI and HindIII sites of pGL4.12[luc2CP] (Promega, Madison, WI).
H1299 cells in 6-well dishes were transfected with pGL4.12-hDUSP1 or
pGL4.12-hp21 together with pcDNA3-FLAG-p53 and pEF–DJ-1– hem-
agglutinin (HA) or pEF–DJ-1 C106S-HA by Lipofectamine 2000 (Invit-
rogen, Carlsbad, CA) per the manufacturer’s protocol. pActin-�-galacto-
sidase was also cotransfected with plasmids. At 24 h after transfection,
cells were treated with or without 300 �M H2O2 or with 10 �g/ml cyclo-
heximide for 30 min. Whole-cell extracts were then prepared by the ad-
dition of a Triton X-100-containing solution from the Pica gene kit
(Wako Pure Chemicals, Osaka, Japan) to cells. About a one-fifth volume
of the extract was used for the �-galactosidase assay to normalize trans-
fection efficiencies as described previously (23), and the luciferase activity
due to the reporter plasmid was determined using a luminometer (Lumi-
nocounter Lumat LB 9507, EG&G Berthold, Bad Wildbad, Germany).
Proteins in aliquots of the cell extract were analyzed by Western blotting
with an anti-FLAG antibody (M2) (Sigma, St. Louis, MO) and an anti-HA

antibody (1:2,000) (MBL, Nagoya, Japan) and visualized as described in
“Western blotting and antibodies.” The same experiments were repeated
at least three times.

ChIP assays. Chromatin immunoprecipitation (ChIP) assays using
cultured A549 cells were performed according to the protocol of the ChIP
assay kit (Millipore, Billerica, MA). Briefly, after proteins had been cross-
linked with DNA, cell pellets were resuspended in an SDS-lysis buffer and
sonicated on ice using a sonicator (UR-20P; Tomy, Tokyo, Japan) 4 times
for 15 s each time. Genomic DNA was sheared to 300 to 1,200 bp in length.
The chromatin solution was preincubated with salmon sperm DNA and
protein A-agarose and incubated with species-matched IgG or with spe-
cific antibodies overnight at 4°C. Immunoprecipitated DNA fragments
were then used as templates for PCR with ExTaq (TaKaRa Bio, Kyoto,
Japan) and reacted for 60 s at 94°C, 60 s at 94°C, 30 s at 58°C, and 35 cycles
of 30 s at 72°C. The nucleotide sequences of the oligonucleotides used for
the PCR primers were 5=-AAGAGCAGGCCGGACAGC-3= (hDUSP1
sense), 5=-GAGCGCGTTTATATGCGGC-3= (hDUSP1 as), 5=-CCCAAT
CCCTCTCCCACTAG-3= (hDUSP1 sense 3), 5=-CAGAGCCGCTAAAAT
GGGCA-3= (hDUSP1 as3), 5=-TGCTGCTCCACCGCACTC-3= (hp21
sense), 5=-GAAAACAGGCAGCCCAAGGAC-3= (hp21 as), 5=-CTATCA
GCTGCCTCGGGG-3= (hp21 sense 3), and 5=-GGCGCCCCAAGTTCC
TAAC (hp21 as3). PCR products were separated on a 2% agarose gel and
stained with ethidium bromide. Reverse images of black and white stain-
ing are shown in Fig. 9, 10, and 15.

Western blotting and antibodies. Proteins were extracted from cells
with a buffer containing 150 mM NaCl, 5 mM EDTA, 50 mM Tris (pH 7.5),
and 0.5% NP-40, loaded on 12% SDS-polyacrylamide gels, and subjected to
Western blotting. The antibodies used in this study were anti-HA (1:2,000)
(MBL, Nagoya, Japan), anti-FLAG F7425 (1:1,000) (Sigma), anti-T7 (1:
1,000) (Novagen, Madison, WI), anti-p53 (DO-1 at 1:1,000) (Santa Cruz

FIG 2 Phosphorylation levels of serines in p53 under conditions of oxidative stress. (A) HEK293T cells were treated with or without 1 mM H2O2 for 30 min, and
proteins were analyzed by Western blotting with anti-p53 and respective anti-phospho-p53 (anti-p-p53) antibodies. (B) HEK293T cells transfected with
FLAG-tagged wild-type (WT) and FLAG-tagged mutants of p53 were treated with 1 mM H2O2 for 30 min at 48 h after transfection. Proteins were detected by
Western blotting. (C) HEK293T cells transfected with DJ-1–HA, FLAG-tagged wild type, and FLAG-tagged mutants of p53 were treated with 1 mM H2O2 for 30
min at 48 h after transfection. Proteins were analyzed by immunoprecipitation followed by Western blotting. A precipitated p53 band in lane 2 is the overflow
from a band in lane 3.
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Biotechnology, Santa Cruz, CA), anti-phospho-p53(serine 6) (1:1,000) (Cell
Signaling Technology, Danvers, MA), anti-phospho-p53(serine 9) (1:1,000)
(Cell Signaling Technology), anti-phospho-p53(serine 15) (1:1,000) (Cell
Signaling Technology), anti-phospho-p53(serine 20) (1:1,000) (Cell Signal-

ing Technology), anti-phospho-p53(serine 37) (1:1,000) (Cell Signaling
Technology), anti-phospho-p53(serine 46) (1:1,000) (Cell Signaling Tech-
nology), anti-phospho-p53(serine 392) (1:1,000) (Cell Signaling Technol-
ogy), anti-actin (1:4,000) (Chemicon, Temecula, CA), anti-phospho-

FIG 3 Cysteine 106 of DJ-1 is essential for binding to p53 under conditions of oxidative stress. (A) HEK293T cells were transfected with wild-type or C106S
DJ-1–HA and FLAG-p53. Forty-eight hours after transfection, cells were treated with 1 mM H2O2 for 30 min, and proteins were analyzed by an isoelectric
focusing gel (IEF) and subjected to Western blotting with an anti-HA antibody. (B) HEK293T cells were treated with 20 J/m2 UV, 1 �M doxorubicin (Dox), or
1 mM H2O2 for 0.5 to 4 h, and proteins were analyzed by Western blotting. (C) HEK293T cells were transfected with wild-type DJ-1–HA or C106S DJ-1–HA and
FLAG-p53 and treated with H2O2 as described for Fig. 2A. Proteins were analyzed by immunoprecipitation followed by Western blotting. HC, heavy chain. (D)
GST, GST-wild-type DJ-1, and GST-C106S DJ-1 were incubated with 35S-labeled p53 in the presence or absence of H2O2 and DTT and subjected to pulldown
assays. CBB, Coomassie brilliant blue. (E) HEK293T cells were transfected with FLAG-wild-type DJ-1 or FLAG-C106S DJ-1 and T7-p53 and treated with H2O2.
Proteins were then analyzed by immunoprecipitation followed by Western blotting. HEK293T cells (F) or H1299 cells (G) were transfected with wild-type or
C106S DJ-1–HA and One-STrEP–p53 and treated with H2O2. Proteins were then subjected to pulldown assays using Strep-Tactin Sepharose beads.
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ERK1/2 (1:1,000) (Cell Signaling Technology), anti-ERK1/2 (1:1,000)
(Santa Cruz Biotechnology), anti-p53 (Pab 240 at 1:1,000) (Santa Cruz
Biotechnology), anti-mitogen-activated protein kinase (MAPK) phos-
phatase 1 (MKP1) (C-19 at 1:500) (Santa Cruz Biotechnology), monoclo-
nal rat anti-DJ-1 (1:1,000), polyclonal anti-DJ-1 (1:4,000), monoclonal
mouse anti-DJ-1 (3E8 at 1: 4,000) (MBL), and anti-oxidized DJ-1 (1:

1,000). Rabbit anti-DJ-1, rat anti-DJ-1 and anti-oxidized DJ-1 antibodies
were established by us as described previously (1, 24). After membranes
had been reacted with primary antibodies, they were reacted with Alexa
Fluor 680-conjugated anti-mouse IgG antibody (Molecular Probes, Eu-
gene, OR), Alexa Fluor 680-conjugated anti-rabbit IgG antibody (Molec-
ular Probes), IRDye 800-conjugated anti-mouse IgG antibody (Rockland,

FIG 4 DJ-1 downregulates DUSP1 expression under an oxidative stress condition. (A) Mouse primary cells were treated with H2O2 for 0.25 to 6 h; the expression
levels of respective mRNAs were examined by semiquantitative RT-PCR, and their expression levels relative to that of �-actin are shown. (B) HEK293T cells were
transfected with FLAG-p53 and DJ-1–HA and treated with 1 mM H2O2 for 15 to 45 min (left panel) or 0.5 to 4 h (right panel) at 48 h after transfection. Proteins
were analyzed by immunoprecipitation followed by Western blotting. (C) A549 cells were treated with 300 �M H2O2 for 15 to 120 min. Proteins were analyzed
by immunoprecipitation with an anti-DJ-1 antibody followed by Western blotting. (D and E) DJ-1�/� and DJ-1�/� mouse cells were treated with H2O2 for 0.5
h or 2 h. The expression levels of DUSP1 (D) and p21 mRNA (E) were examined by semiquantitative RT-PCR, and their expression levels relative to that of
�-actin are shown. (F and G) DJ-1�/� and DJ-1�/� mouse cells were treated with H2O2 for 0.5 and 2 h. The expression levels of DUSP1 (F) and p21 mRNA (G)
were examined by quantitative RT-PCR. (H) DJ-1�/� and DJ-1�/� mouse cells were treated with H2O2 for 0.5 and 2 h. The expression levels of DUSP1, p21, p53,
DJ-1, and �-actin were analyzed by Western blotting. (I) DJ-1�/� and DJ-1�/� mouse cells were transfected with control siRNA or p53 siRNA and treated with
300 �M H2O2 for 30 min or 2 h at 72 h after transfection. The expression levels of DUSP1 and p21 mRNAs were examined by semiquantitative RT-PCR. The
nucleotide sequences of the p53 siRNA are 5=-CCAGAAGAUAUCCUGCCAUTT-3= (mp53 sense) and 5=-AUGGCAGGAUAUCUUCUGGTT-3= (mp53 anti-
sense). (J and K) DJ-1�/� and DJ-1�/� mouse cells were treated with H2O2 for 0.5 and 2 h. p53 was visualized as described in Materials and Methods. The values
shown in panels D through G are means � SE (n � 3 experiments). **, P � 0.01; ***, P � 0.001. N.S. indicates no significance.
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Philadelphia, PA), or IRDye 800-conjugated anti-rabbit IgG antibody
(Rockland) and visualized by using an infrared imaging system (Odyssey;
Li-Cor, Lincoln, NE).

Pulldown assays. 35S-labeled p53 was synthesized in vitro using re-
ticulocyte lysate of the TNT coupled transcription-translation system
(Promega). Labeled proteins were reacted with glutathione S-transferase
(GST), GST–wild-type DJ-1, or GST–C106S DJ-1 expressed in and pre-
pared from Escherichia coli in a G buffer containing 150 mM NaCl, 5 mM
EDTA and 50 mM Tris (pH 7.5), 0.05% bovine serum albumin, and 0.1%
Nonidet P-40 for 2 h at 4°C, mixed with glutathione Sepharose beads, and
centrifuged. After washing pellets with the wash buffer containing 150
mM NaCl, 10 mM Tris-HCl (pH 7.5), and 0.1% Nonidet P-40, Laemmli
buffer was added to the pellets. The pellets were then heated at 97°C for 5

min, separated on a 12% polyacrylamide gel containing SDS, and visual-
ized by Coomassie brilliant blue (CBB) staining and fluorography.

HEK293T or H1299 cells were transfected with expression vectors for
wild-type DJ-1–HA or C106S DJ-1–HA and One-STrEP-p53 and treated
with H2O2. Proteins in the cell extracts were then subjected to pulldown
assays with Strep-Tactin Sepharose beads according to the supplier’s pro-
tocol (IBA, Göttingen, Germany), and coprecipitated DJ-1 was detected
by Western blotting with anti-HA and anti-oxidized DJ-1 antibodies.

Coimmunoprecipitation assays. Proteins were extracted from cul-
tured cells with or without 300 �M H2O2 for 30 min by a procedure
described previously (25). Proteins were immunoprecipitated with a rab-
bit anti-DJ-1 antibody (1:500) (MBL) or normal rabbit IgG, and precipi-
tates were analyzed by Western blotting with anti-p53 (1:1,000) (Santa

  

FIG 4 continued

Oxidative Stress-Dependent Repression of p53 by DJ-1

January 2013 Volume 33 Number 2 mcb.asm.org 345

http://mcb.asm.org


Cruz Biotechnology) or mouse anti-DJ-1 antibody (3E8 at 1:1,000)
(MBL). Proteins on membranes were visualized as described above.

HEK293T cells were transiently transfected with expression vectors for
FLAG-p53 and DJ-1–HA by the calcium phosphate method and were
lysed by treatment of cells with or without 1 mM H2O2 for 30 min. Pro-
teins were then immunoprecipitated by an anti-FLAG antibody, and pre-
cipitates were detected by using an anti-HA antibody or an anti-DJ-1
antibody.

Isoelectric focusing. Cells were treated with 1 mM H2O2 for 30 min,
and cell extracts were prepared according to a procedure described previ-
ously (25). Proteins in the extracts were then separated on pH 5 to 8 ranges
of an isoelectric focusing gel or on 12.5% polyacrylamide gel containing
SDS, transferred onto nitrocellulose membranes, and reacted with an an-
ti-HA antibody.

ELISA. GST or GST-p53 purified from E. coli was loaded on enzyme-
linked immunosorbent assay (ELISA) plates (BD) at 4°C overnight. After
the plates had been blocked with 0.25� block A and washed with 0.1%
Tween 20-PBS (phosphate-buffered saline), wild-type or C106S DJ-1 was
added to the plates and incubated for 1 h at 4°C. The plates were then
reacted with an anti-rat DJ-1 antibody (1:1,000) for 1 h at 37°C and re-
acted with a 2,2-azinobis(3-ethylbenzthiazolinesulfonic acid) (ABTS) so-
lution, and the absorbance of each well was measured using a plate reader
(Bio-Rad).

Immunofluorescence. A549 cells were treated with or without 1 mM
H2O2 for 30 min. Cells were then fixed with acetone-methanol and re-
acted with an anti-p53 or anti-DJ-1 antibody, and immunofluorescence
images of proteins were detected by a fluorescein isothiocyanate- or rho-
damine-conjugated secondary antibody, respectively. Nuclei were stained
with 4=,6-diamidino-2-phenylindole (DAPI).

Cell cycle FACS analyses. Mouse DJ-1�/� and DJ-1�/� cells were
transfected with 50 nM AllStars negative control siRNA (Qiagen), DUSP1
siRNA-1 (Scramble siRNA cocktail that contains 4 sets of siRNA, item no.
M-040753-01-0005; Thermo Scientific, San Jose, CA), and DUSP1
siRNA-2 using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). The nu-
cleotide sequences of DUSP1 siRNA-2 are 5=-GGAUGCAGCUCCUGUA
GUATT-3= (DUSP1-2 sense) and 5=-UACUACAGGAGCUGCAUCCT
T-3= (DUSP1-2 antisense). At 48 h after transfection, the cells were starved
for 6 h and then treated with or without H2O2. Cells were harvested at 40

h after the second H2O2 treatment, washed once with PBS, and fixed with
90% ethanol overnight. The cells were then treated with 1 mg/ml RNase
for 30 min at 37°C, washed once with PBS, and suspended in 300 �l of PBS
containing 50 �g/ml of propidium iodide (Sigma-Aldrich). After leaving
for 1 h at room temperature, the cells were subjected to fluorescence-
activated cell sorting (FACS) analysis using a FACSCalibur flow cytometer
(Becton Dickinson), and the data obtained were analyzed using CellQuest
software and ModFit software.

Statistical analyses. Data are expressed as means � standard errors
(SE). Statistical analyses were performed using one-way analysis of vari-
ance (ANOVA) followed by unpaired Student’s t test. For comparisons of
multiple samples, the Tukey-Kramer test was used.

RESULTS
Oxidative stress enhances DJ-1 binding to p53. To address the
effects of DJ-1 oxidation on interactions of DJ-1 with its target
proteins, including p53, FLAG-tagged proteins were cotransfected
with DJ-1–HA into HEK293T cells, and the cells were treated with
1 mM H2O2 for 30 min. Coimmunoprecipitation followed by
Western blotting analyses showed that p53 and Daxx were
strongly bound to DJ-1 in H2O2-treated cells (Fig. 1 and data not
shown). Therefore, in this study we focused on the interaction of
DJ-1 with p53 under conditions of oxidative stress.

The same results as those shown in Fig. 1A were obtained when
FLAG–DJ-1 was cotransfected with T7-p53 into HEK293T cells
(Fig. 1B). In this case, both phosphorylated and unphosphoryl-
ated T7-p53 was bound to DJ-1. Proteins from H2O2-treated A549
cells and H1299 cells in which p53 was not expressed were immu-
noprecipitated with an anti-DJ-1 antibody, and precipitates were
analyzed by Western blotting with an anti-p53 antibody. The re-
sults showed that endogenous p53 bound to endogenous DJ-1
under normal culture conditions and that the amount of precip-
itated p53 was enhanced after treatment of A549 cells, but not
H1299 cells, with H2O2 (Fig. 1C and D, respectively), suggesting
that the oxidative status of DJ-1 modulates the p53-binding activ-
ity of DJ-1.

FIG 5 Expression of DUSP1, p21, and NOXA in UV- and doxorubicin-treated cells. Mouse DJ-1�/� cells were treated with 20 J/m2 UV irradiation (A and C)
or 1 �M doxorubicin (B an D) for 0.5 to 6 h. The expression levels of mRNA and protein of DUSP1, p21, and NOXA were examined by semiquantitative RT-PCR
(A and B) and by Western blotting (C and D), respectively.
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DJ-1 is localized in the cytoplasm, nuclei, and mitochondria of
cells, and its localization is changed by oxidative stress (26). Oxi-
dative stress might therefore alter the localization of p53 and the
interaction of p53 with DJ-1. When A549 cells were treated with or
without 300 �M H2O2 for 30 min and the localizations of proteins
were analyzed by an immunofluorescence technique, DJ-1 and
p53 were located in the cytoplasm and nuclei and in the nuclei,
respectively, and both proteins were colocalized in the nuclei of
cells before and after H2O2 treatment (Fig. 1E and F), indicating
that oxidative stress enhances the binding activity of DJ-1 to p53
without affecting the localization of DJ-1.

Cysteine 106 of DJ-1 is essential for binding of DJ-1 to p53
under conditions of oxidative stress. To examine whether trans-
lational modification of both p53 and DJ-1 induced by oxidative

stress contributes to an H2O2-dependent increase of p53–DJ-1
complex formation, HEK293T cells were exposed to 1 mM H2O2

for 30 min, and phosphorylation of p53 was analyzed by Western
blotting with several anti-phosphorylated p53 antibodies. As
shown in Fig. 2A, enhanced phosphorylation of p53 at serine res-
idues 15 and 20 but not 6, 9, 37, 46, and 392 was observed. When
HEK293T cells were transfected with serine mutants of p53 in
which serine was changed to alanine and exposed to 1 mM H2O2

for 30 min, the expected phosphorylation of serines 15 and 20 of
FLAG-p53 mutants was not observed with single and double sub-
stitutions (Fig. 2B). HEK293T cells were then cotransfected with
wild-type and serine mutants of FLAG-p53 and DJ-1–HA and
exposed to 1 mM H2O2 for 30 min at 48 h after transfection.
Coimmunoprecipitation experiments showed that of the three

FIG 6 Raw data from three sets of luciferase assays. H1299 cells were cotransfected with pGL4.12-DUSP1-luciferase (A) or pGL4.12-p21-luciferase (B) and
expression vectors for FLAG-p53 and wild-type or C106S DJ-1–HA. Twenty-four hours after transfection, cells were treated with 300 �M H2O2 or with 10 �g/ml
cycloheximide (CHX) for 30 min. Luciferase activities were then calculated. (C and D) Proteins were prepared from H1299 cells transfected with FLAG-p53 and
wild-type or C106S DJ-1–HA and analyzed by Western blotting.
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serine mutants and wild-type p53, no or only slight differences in
the binding activity of FLAG-p53 to DJ-1–HA were observed un-
der conditions of oxidative stress (Fig. 2C), indicating that the
phosphorylation of p53 does not contribute to H2O2-dependent
enhancement of DJ-1–p53 interaction.

The oxidative status of cysteine 106 (C106) of DJ-1 is critical
for all of the functions of DJ-1. HEK293T cells were cotransfected
with the wild type or C106S mutant of DJ-1–HA and FLAG-p53
and exposed to H2O2 under the same conditions as those de-
scribed above. The oxidation levels of wild-type and C106S DJ-
1–HA were first examined by using electron-focusing gels. While
C106S DJ-1–HA had no shifted band, approximately 50% of wild-
type DJ-1–HA was shifted to a more acidic point in H2O2-treated
cells (Fig. 3A). Furthermore, when HEK293T cells were treated
with H2O2 and with UV or doxorubicin (other stressors activating
p53) and proteins were analyzed with anti-DJ-1 and anti-C106-
oxidated DJ-1 antibodies, H2O2 exposure clearly enhanced C106
oxidation of DJ-1 (Fig. 3B), suggesting that a shifted band ob-

served in a sample of wild-type DJ-1–HA was derived from C106.
The DJ-1–p53 complex was then analyzed by immunoprecipita-
tion using an anti-FLAG antibody followed by Western blotting
with an anti-DJ-1 antibody. The results showed that while wild-
type DJ-1 was strongly bound to p53 in H2O2-treated cells, the
C106S mutant of DJ-1 had lost its p53-binding activity (Fig. 3C).
Pulldown experiments were then carried out using GST–wild-
type DJ-1, GST–C106S DJ-1, and GST with 35S-labeled p53 in the
presence or absence of H2O2 and reducing agent dithiothreitol
(DTT). Recombinant DJ-1 purified from E. coli comprises a mix-
ture containing reduced and oxidized forms of C106, and the
amounts of the SOH and SO2H forms of C106 are about 10 to 20%
of the total forms of C106 (data not shown). Doublet bands of
p53 in gels must be unphosphorylated and phosphorylated
p53. As in the case of DJ-1 binding to p53 in HEK293T cells,
H2O2-treated wild-type DJ-1 was bound to p53 more strongly
than was H2O2-nontreated wild-type DJ-1, and the C106S mu-
tant of DJ-1 had lost the enhancement of p53-binding activity

FIG 7 Cysteine 106 of DJ-1 is essential for the repression of p53-dependent DUSP1 transcription under conditions of oxidative stress. H1299 cells were
cotransfected with pGL4.12-DUSP1-luciferase (A), pGL4.12-p21-luciferase (B), or pGL4.12-luciferase (C) and FLAG-p53 and wild-type or C106S DJ-1–HA.
Cells were treated as described for Fig. 6. The fold repression values of luciferase activities were calculated as described in the text. (D) H1299 cells were transfected
with FLAG-p53 and DJ-1–HA and treated with H2O2 for 30 min in the absence of cycloheximide as described for Fig. 6. The expression levels of DUSP1 mRNA
were examined by quantitative RT-PCR. Values are means � SE (n � 3 experiments). **, P � 0.01; ***, P � 0.001. N.S. indicates no significance.
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(Fig. 3D). The enhancement of binding activity of DJ-1 to p53
was diminished by the addition of DTT, indicating that DJ-1
directly interacts with p53 and that the oxidation of C106 is
essential for this interaction.

To directly examine whether C106-oxidized DJ-1 binds to p53,
two experiments were carried out. First, HEK293T cells were
cotransfected with FLAG-wild type or the C106S mutant of DJ-1
and T7-p53 and exposed to H2O2. Proteins were subjected to co-
immunoprecipitation and Western blotting analyses with an anti-
C106 – oxidized DJ-1 antibody (Fig. 3E). Second, HEK293T and
H1299 cells were transfected with wild-type or C106S DJ-1–HA
and One-STrEP-p53 and treated with H2O2. Proteins were pulled
down using Strep-Tactin Sepharose, and precipitates were ana-
lyzed by Western blotting with the anti-oxidized DJ-1 antibody
(Fig. 3F and G, respectively). The results showed that oxidized
wild-type DJ-1 but not C106S DJ-1 bound to p53 under condi-
tions of oxidative stress.

DJ-1 downregulates DUSP1 expression under conditions of
oxidative stress. To address the role of increased formation of
DJ-1–p53 complex after treatment of cells with H2O2, the expres-
sion levels of p53 target genes in mouse primary cells were exam-
ined by semiquantitative RT-PCR. As shown in Fig. 4A, the ex-
pression level of DUSP1 mRNA was increased at a peak of 30 min
after H2O2 treatment, while the transcription levels of other p53
target genes such as p21, NOXA, and PUMA were induced after 1
to 2 h. On the other hand, the other stressors, such as UV exposure
and doxorubicin treatment, did not alter the DUSP1 gene expres-
sion level, while the expression levels of NOXA and p21 were
increased at 0.5 to 6 h after UV exposure and doxorubicin treat-

ment (Fig. 5A to D), suggesting that the DUSP1 gene is a primary
target of p53 against oxidative stress.

DUSP1, a mitogen-activated protein kinase phosphatase, reg-
ulates the apoptosis signaling pathway through dephosphorylat-
ing extracellular signal-regulated kinase (ERK) and is known to be
the only p53 target gene that specifically responds to H2O2 treat-
ment (27, 28) (Fig. 4A and 5A and B). Since the amount of p53–
DJ-1 complex was also increased at a peak of 30 min after H2O2

treatment in HEK293T cells transfected with DJ-1–HA and
FLAG-p53 and in A549 cells (Fig. 4B and C), and p53–DJ-1 com-
plex was not detected at 1 to 4 h after H2O2 treatment (Fig. 4B,
right), we focused on the effect of DJ-1 on p53-dependent DUSP1
expression.

The expression levels of DUSP1 and p21 mRNAs were exam-
ined using primary cells derived from DJ-1 knockout (DJ-1�/�)
and DJ-1�/� mice. Semiquantitative RT-PCR and real-time PCR
analyses showed that the expression level of DUSP1 mRNA in
DJ-1�/� cells was increased at 30 min and then decreased at 2 h
after H2O2 treatment and that the level at 30 min was further
increased in DJ-1�/� cells (Fig. 4D and F). The expression levels of
p21 mRNA were, on the other hand, increased at 2 h, and there
were no differences between the expression levels in DJ-1�/� and
DJ-1�/� cells (Fig. 4E and G). The expression levels of DUSP1
protein were increased at 2 h in DJ-1�/� cells and further in-
creased in DJ-1�/� cells (Fig. 4H). On the other hand, there were
few differences in the expression levels of p21 protein at 2 h be-
tween DJ-1�/� and DJ-1�/� cells (Fig. 4H). When DJ-1�/� and
DJ-1�/� cells were transfected with siRNA targeting p53, the ex-
pression levels of DUSP1 and p21 were decreased (Fig. 4I), sug-

FIG 8 DJ-1 directly binds to the p53 DNA-binding region. (A) Schematic diagram of p53 deletion mutants. FL, full-length; CT, C terminus; DBD, DNA-binding
domain. (B) GST and GST–DJ-1 were incubated with 35S-labeled p53 in the presence or absence of H2O2 and then subjected to pulldown assays. (C) GST,
GST–DJ-1, and GST-C106S DJ-1 were incubated with 35S-labeled p53-DBD and subjected to pulldown assays. (D) ELISAs were carried out using GST-p53, GST,
DJ-1, and C106S DJ-1.
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gesting that the transcriptional activity of p53 was still active even
in DJ-1�/� cells. Furthermore, no significant differences in the
expression level and subcellular localization of p53 were observed
in DJ-1�/� and DJ-1�/� cells (Fig. 4J and K), indicating that the
upregulation of DUSP1 expression in DJ-1�/� cells was not due to
a change of p53 localization.

Cysteine 106 of DJ-1 is essential for repression of p53-depen-
dent DUSP1 transcription under conditions of oxidative stress.
p53 binds to the promoter region of the DUSP1 gene (27). Since
the luciferase generally used in reporter assays (called the lucifer-
ase assay) has a relatively long half-life, it is not suitable for detect-
ing a prompt or immediate change of promoter activity. In the
case of a prompt decrease in promoter activity toward a stress
response, for instance, the luciferase activity obtained is not par-
allel to promoter activity due to an accumulation of already syn-
thesized luciferase. To overcome this problem, we set up an exper-
imental condition using pGL4.12-luciferase that harbors a
modified version of luciferase with a short half-life of 	20 min
and using cycloheximide (CHX), an inhibitor for translation.

Even when pGL4.12-luciferase was used, the short half-life of the
modified version of luciferase was still not sufficient to decrease
the background caused by its accumulation. Since CHX blocks
further translation of luciferase, prompt promoter activity is par-
allel to promoter activity from which the activity obtained in the
presence of CHX is subtracted. Twenty-four hours after cells had
been transfected with reporter plasmids, the cells were divided
into three sets. One set was a control for measuring the back-
ground signal, and the other two were test sets for either an H2O2-
treated or nontreated sample. The control set was first treated with
CHX for 30 min just before the addition of H2O2 to cells, and then
luciferase activity obtained in the control set was subtracted as the
background signal from that in the test set. Furthermore, to mea-
sure the transcriptional activity of transfected p53 without an ef-
fect of endogenous p53, p53-null H1299 cells were used.

Figure 6A shows histograms of raw data of luciferase activities
obtained in the three sets after transfection of the luciferase re-
porter construct linked to the DUSP1 promoter; p53 strongly ac-
tivated DUSP1 promoter activity, and the treatment of cells with

FIG 9 DJ-1–p53 complex stably binds to the p21 promoter but not to the DUSP1 promoter. H1299 cells were transfected with FLAG-p53 and wild-type or C106S
DJ-1–HA. Forty-eight hours after transfection, cells were treated with 300 �M H2O2 for 30 min, and ChIP assays targeting the DUSP1 (A) and p21 (B) genes were
carried out. (C) Proteins prepared from transfected H1299 cells were analyzed by Western blotting. A549 cells were treated with 300 �M H2O2 for 30 min, and
ChIP assays targeting the DUSP1 (D) and p21 (E) genes were carried out. The intensities of the precipitated DNA bands in lanes 4 and 6 in panel E were quantified,
and their relative levels are shown. (F) Proteins prepared from H2O2-treated A549 cells were analyzed by Western blotting. Ab, antibody.
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H2O2 reduced its activation activity, which is consistent with re-
sults reported previously (27). When wild-type or C106S DJ-1 was
cotransfected with p53, luciferase activities tended to increase
compared to those without p53, both in wild-type DJ-1- and
C106S DJ-1-transfected cells, but luciferase activity was lower in
wild-type DJ-1-transfected cells than in C106S DJ-1-transfected
cells in the presence of CHX (Fig. 6A). Similar expression levels of
introduced proteins were confirmed by Western blotting (Fig. 6C).
To compare accurate changes among these samples, the ratios of
luciferase activities in H2O2-treated cells to those in nontreated
cells were calculated by subtracting the background signal ob-
tained as the control set (Fig. 7A). The results showed that in
H2O2-treated cells, the transcriptional activity of p53 toward the
DUSP1 promoter was significantly reduced by wild-type DJ-1 to
60% of that with p53 alone or with C106S DJ-1. No significant
changes of promoterless luciferase activity were observed in either
the wild-type-DJ-1-transfected or the C106S DJ-1-transfected
cells (Fig. 7C). Furthermore, to confirm that DUSP1 promoter
activity detected by this assay was parallel with the expression level
of DUSP1 mRNA, H1299 cells were transfected with FLAG-p53
and wild-type DJ-1–HA or C106S DJ-1–HA. Twenty-four hours
after transfection, cells were treated with H2O2 in the absence of
CHX. The expression levels of DUSP1 mRNA examined by quan-

titative RT-PCR (real-time PCR) were decreased by wild-type
DJ-1 but not C106S DJ-1 in H2O2-treated cells (Fig. 7D). These
results suggest that DJ-1 downregulates p53-dependent DUSP1
expression in a C106-dependent manner in H2O2-treated cells
and that the oxidation of C106 is necessary for this activity. When
the same assay using the p21 promoter linked to the modified
version of the luciferase gene was carried out, there were no sig-
nificant changes in promoter activity after transfection of cells
with wild-type or C106S DJ-1 (Fig. 6B and D and Fig. 7B), indi-
cating that the H2O2-dependent inhibitory effect of DJ-1 on p53
transactivation activity is specific to the DUSP1 gene.

DJ-1 directly binds to the p53 DNA-binding region. p53
comprises five domains: an N-terminal transactivation domain
(TAD) followed by a proline-rich region (PRR), a central DNA-
binding domain (DBD), a tetramerization domain (TET), and an
extreme C terminus (CT) (see reference 29 for a recent review). To
determine the DJ-1-binding region of p53, GST–wild-type DJ-1
and GST were reacted with 35S-labeled full-length p53 and three
p53 deletion mutants (Fig. 8A). Pulldown experiments showed
that DJ-1 bound to full-length p53, p53-
CT, and p53-DBD but
not to p53-
DBD and that H2O2-treated DJ-1 more strongly
bound to full-length p53 and p53-
CT than did non-H2O2-
treated DJ-1 (Fig. 8B), indicating that DJ-1 binds to p53-DBD

FIG 10 A time course of endogenous DJ-1–p53 interactions and endogenous p53 ChIP on the DUSP promoter in cells exposed to oxidative stress. (A) A549
cells were treated with 300 �M H2O2 for 0.25 to 2 h, and ChIP assays targeting the DUSP1 gene were carried out. (B) Proteins prepared from H2O2-treated A549
cells were analyzed by Western blotting. (C) DJ-1�/� and DJ-1�/� mouse cells were treated with 300 �M H2O2 for 0.5 h, and ChIP assays targeting the DUSP1
gene were carried out. (D) Proteins prepared from H2O2-treated mouse DJ-1�/� and DJ-1�/� cells were analyzed by Western blotting.
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(Fig. 8B). Furthermore, pulldown assays (Fig. 8C) and ELISAs
(Fig. 8D) showed that DJ-1 bound to p53-DBD in a C106-depen-
dent manner.

DJ-1–p53 complex stably binds to the p21 promoter but not
to the DUSP1 promoter. A previous study showed that p53 binds
to a 10-bp perfect palindromic site in the DUSP1 promoter to
activate its transcription, although the p53-binding sequence in
the DUSP1 promoter is not a sequence similar to the consensus
sequence found in the p21 promoter (27). Chromatin immuno-
precipitation (ChIP) assays were carried out using the DUSP1 and
p21 genes. First, H1299 cells were cotransfected with FLAG-p53

and wild-type or C106S DJ-1–HA, treated with H2O2 for 30 min,
and subjected to ChIP assays with an anti-p53 antibody targeting
two regions containing the promoter, and other regions (down-
stream region: intron 4 and first exon of the DUPS1 and p21 genes,
respectively) were amplified by PCR. As shown in Fig. 9A, the
anti-p53 antibody precipitated the DUSP1 promoter region but
not the downstream region under conditions with no oxidative
stress. In H2O2-treated cells, precipitation of the DUSP1 promoter
region by the anti-p53 antibody was cancelled by transfection of
the wild-type DJ-1–HA but not by that of the C106S DJ-1–HA.
Although the p21 promoter region contains the consensus p53-

FIG 11 Phosphorylation levels of ERK in cells under conditions of oxidative stress. DJ-1�/� and DJ-1�/� mouse cells were starved for 6 h and then treated with
or without two pulses of H2O2. Proteins were analyzed by Western blotting (C), and the relative phosphorylation levels of ERK were quantified (A). DJ-1�/� and
DJ-1�/� mouse cells were transfected with control siRNA, DUSP1 siRNA-1, or DUSP1 siRNA-2, starved for 6 h at 48 h after transfection, and then treated with
two pulses of H2O2. Proteins were analyzed by Western blotting (B), and the relative phosphorylation levels of ERK were quantified (D). Values are means � SE
(n � 3 experiments). *, P � 0.05.
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binding sequence, the precipitated p21 promoter region was not
cancelled by transfection of the wild-type DJ-1–HA or the C106S
DJ-1–HA under conditions with or without oxidative stress
(Fig. 9B). The p53 levels precipitated in the reactions were in a
range similar to that with Western blotting (Fig. 9C). Further-
more, ChIP assays were carried out using A549 cells. While the
anti-p53 antibody precipitated the DUSP1 promoter region but
not the downstream region in H2O2-treated cells, an anti-DJ-1
antibody did not precipitate regions even after more than 50 cycles
of amplification by PCR (Fig. 9D). Both the anti-p53 and anti-
DJ-1 antibodies precipitated the p21 promoter region before and
after H2O2 treatment, and the precipitated levels were increased
after H2O2 treatment (Fig. 9E). Equal levels of precipitated p53
and DJ-1 were confirmed (Fig. 9F). These results indicate that the
binding activity of p53 to the DUSP1 promoter is weaker than that
to the p21 promoter and that the p53–DJ-1 complex endoge-
nously binds to the p21 promoter but not to the palindromic site
in the DUSP1 promoter. It is thought that DJ-1-free p53 binds to
the DUSP1 promoter and that the DJ-1–p53 complex binds to the
p21 promoter (Fig. 9D). Time course analyses of ChIP assays were
then carried out using A549 cells. p53 bound to the DUSP1 pro-
moter in H2O2-treated cells at a peak of 15 min of exposure to
H2O2, and then the level of promoter-bound p53 decreased

(Fig. 10A). No binding of DJ-1 to the DUSP1 promoter was ob-
served. The amount of promoter-bound p53 in DJ-1�/� cells was
larger than that in DJ-1�/� cells (Fig. 10C). The precipitated levels
of p53 and DJ-1 were similar during the course of H2O2 exposure
(Fig. 10B and D). Taken together, these results suggest that p53
binding to the DUSP1 promoter is sequestered by DJ-1 through its
binding to p53-DBD in a C106-dependent manner under condi-
tions of oxidative stress, resulting in suppression of the transacti-
vation activity of p53 toward the DUSP1 gene.

DJ-1 increases phosphorylation of ERK and reduces apopto-
sis under conditions of oxidative stress. Since DUSP1 dephos-
phorylates ERK as MAPK phosphatase, we examined whether the
dephosphorylation level of ERK is upregulated in DJ-1�/� cells by
the increased level of DUSP1. DJ-1�/� and DJ-1�/� cells were
exposed to H2O2 twice, and the phosphorylation level of ERK1/2
was analyzed by Western blotting. Since the culture medium was
changed before the second H2O2 treatment, the cells were treated
with the same concentrations of H2O2 at each respective stimula-
tion. As shown in Fig. 11A and C, the expression level of DUSP1
was increased 2 h after the first H2O2 treatment in DJ-1�/� cells
but not in DJ-1�/� cells, and the phosphorylation level of ERK1/2
was lower in DJ-1�/� cells than in DJ-1�/� cells after the second
H2O2 treatment. The similar decreased curves of ERK1/2 phos-

FIG 12 DJ-1 regulates cell survival under conditions of oxidative stress. (A) DJ-1�/� and DJ-1�/� mouse cells were transfected with control siRNA or DUSP1
siRNA-1 and treated as described for Fig. 11. Forty hours after the addition of H2O2, cell cycle profiles were examined by using flow cytometry. (B) The sub-G1

phase of the cell cycle shown in panel A was quantified, and the relative number of cells in the sub-G1 fraction compared to that in DJ-1�/� cells with control
siRNA and H2O2 was calculated. Values are means � SE (n � 3 experiments). ***, P � 0.001.
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phorylation levels after the second H2O2 treatment were obtained
in both DJ-1�/� and DJ-1�/� cells, indicating that DJ-1 did not
prolong the ERK activation. There was few or no differences in the
expression levels of p53 and the total ERK1/2 in DJ-1�/� and
DJ-1�/� cells regardless of H2O2 treatment (Fig. 11C). Further-
more, knockdown of DUSP1 using two different siRNAs (siDUSP1-1
and siDUSP1-2) increased ERK phosphorylation in DJ-1�/� cells
but not in DJ-1�/� cells (Fig. 11B and D), indicating a reverse
correlation between the expression levels of DUSP1 and phos-
phorylated ERK in DJ-1�/� cells under conditions of oxidative
stress. Since DUSP1 activates the apoptosis pathway in cells after
oxidative stress, DJ-1�/� and DJ-1�/� cells were treated twice
with H2O2 and then treated with propidium iodide, and their
apoptosis levels were analyzed by using FACS, in which apoptotic
cells are observed in the sub-G1 phase. As shown in Fig. 12A and B,
H2O2 treatment induced apoptosis in both DJ-1�/� and DJ-1�/�

cells, but the level of apoptosis in DJ-1�/� cells was about 10 times
higher than that in DJ-1�/� cells. Furthermore, knockdown of
DUSP1 expression in DJ-1�/� cells reduced apoptosis to 60% of
that in control siRNA-treated cells (Fig. 12B). There were no dif-
ferences between the expression levels of p53 in DJ-1�/� and DJ-
1�/� cells (Fig. 11D). These results suggest that DJ-1 decreases
apoptosis in cells under conditions of intermittent oxidative stress
through downregulation of DUSP1 expression.

DJ-1 inhibits p53 activity in a manner dependent on DNA-
binding affinity. We showed that DJ-1 inhibited the transcrip-
tional activity of p53 targeting the DUSP1 gene but not that of p53
targeting the p21 gene by inhibiting the DNA-binding activity of
p53 in the DUSP1 promoter but not in the p21 promoter. Since
DUSP1 and p21 promoters contain nonconsensus and consensus
p53-binding sequences and since nonconsensus and consensus

p53-binding sequences possess low and high binding affinities
for p53, respectively, we considered two possible mechanisms by
which DJ-1 inhibited p53-binding activity only to the DUSP1 pro-
moter. One possibility is the difference in the p53-binding region
between the consensus and nonconsensus sequences, and the
other is the difference in binding affinity of p53 for DNA. To
address this point, we used substitution mutants of p53 at amino
acid 181 from arginine to leucine (R181L), to cysteine (R181C),
and to proline (R181P), which are linked to tumor development
in families with the hereditary Li-Fraumeni or Li-Fraumeni-like
cancer susceptibility syndrome (30). The DNA-binding activities
of these p53 mutants to the p21 promoter changed most in the
wild type (WT) and decreasingly less in the R181L, R181C, and
R181P proteins (31). Pulldown assays using GST–wild-type DJ-1,
GST, and 35S-labeled p53 mutants showed that DJ-1 bound to
R181L, R181C, R181P, and WT p53 with the same or similar af-
finities (Fig. 13A). Assays using the luciferase reporter gene con-
jugated to the p21 promoter showed that the transcriptional ac-
tivity of p53 mutants toward the p21 promoter was lower than that
of WT p53 in a manner dependent on the DNA-binding activity
and that the R181P mutant had no transcriptional activity
(Fig. 13B). We therefore used R181L and R181C mutants of p53
for further study. Pulldown assays showed that H2O2 treatment
enhanced the DJ-1-binding activity of R181L and R181C p53 (Fig.
13C). H1299 cells were then cotransfected with wild-type DJ-1 or
C106S DJ-1 together with R181L or R181C p53 and treated with
300 �M H2O2 or with 10 �g/ml cycloheximide for 30 min at 20 h
after transfection, and their luciferase activities toward the p21
promoter were examined. Luciferase activities and similar expres-
sion levels of introduced proteins in transfected cells are shown in
Fig. 14B through E, and the ratios of luciferase activities in cells

FIG 13 Binding activity of p53 mutants to DJ-1. GST and GST–DJ-1 were incubated with 35S-labeled wild-type and mutant p53 in the presence (A) or absence
(C) of H2O2 and subjected to pulldown assays. (B) H1299 cells were cotransfected with pGL4.12-p21-luciferase and expression vectors for the wild-type and
R181L, R181C, and R181P of FLAG-p53. Twenty-four hours after transfection, luciferase assays were carried out. Values are means � SE (n � 3 experiments).
**, P � 0.01. N.S. indicates no significance.
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FIG 14 DJ-1 inhibits transcriptional activity of p53 to the p21 promoter under conditions of oxidative stress in a manner dependent on DNA affinity. (A) H1299
cells were cotransfected with pGL4.12-p21-luciferase and expression vectors for FLAG-p53 mutants and for wild-type or C106S DJ-1–HA. Twenty-four hours
after transfection, their luciferase activities were examined. Values are means � SE (n � 3 experiments). *, P � 0.05; **, P � 0.01. H1299 cells were cotransfected
with pGL4.12-p21-luciferase and an expression vector for wild-type or C106S DJ-1–HA together with a vector for FLAG-p53 R181L (B) or FLAG-p53 R181C (C).
Twenty-four hours after transfection, the cells were treated with H2O2 and cycloheximide (CHX) as described for Fig. 6, and their luciferase activities were
examined. (D and E) Proteins were prepared from H1299 cells transfected with FLAG-p53 mutants and wild-type or C106S DJ-1–HA and analyzed by Western
blotting.
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treated with or without H2O2 were calculated. The results showed
that wild-type DJ-1 significantly inhibited the transcriptional ac-
tivities of R181L p53 and R181C p53 toward the p21 promoter in
H2O2-treated cells to 50% and 40%, respectively, of that in cells
without DJ-1 or in cells transfected with C106S DJ-1 (Fig. 14A).
Wild-type DJ-1 suppressed the p21 promoter activity exhibited by
R181C p53 more effectively than that by R181L p53, suggesting
that DJ-1 inhibits p53 transcriptional activity in a manner that
depends on p53 DNA-binding affinity. Furthermore, H1299 cells
were cotransfected with FLAG-R181L p53 or FLAG-R181C p53
together with wild-type DJ-1–HA or C106S DJ-1–HA, treated
with or without H2O2, and subjected to ChIP assays targeting the
p21 promoter. As shown in Fig. 15A and B, the anti-p53 antibody
precipitated the p21 promoter region but not the downstream
region under conditions of no oxidative stress, and precipitation
of the p21 promoter region was inhibited by the transfection of
wild-type DJ-1–HA but not by that of C106S DJ-1–HA under
conditions of oxidative stress. The precipitated p53 levels were
similar with Western blotting (Fig. 15C and D). These results sug-
gest that DJ-1 inhibits p53 activity in a manner that depends on
the DNA-binding affinity.

DISCUSSION

In this study, we showed that oxidized DJ-1 at C106 induced by
oxidative stress strongly binds to p53 and that the enhanced inter-
action of DJ-1 with p53 under conditions of oxidative stress is
required to suppress p53-dependent transcriptional activation of
the DUSP1 gene by preventing promoter recognition of p53 (Fig.
16A). C106 of DJ-1 is essential for an increase of complex forma-
tion with p53 (Fig. 3C). Although several studies, including stud-
ies by us, have shown direct interaction of DJ-1 with p53 (12, 13),
this is the first evidence that the oxidative status of DJ-1 regulates
its interaction.

C106 of DJ-1 is oxidized from forms of SH (reduced), SOH,
SO2H, and SO3H, and excess oxidation of C106, probably as an
SO3H form, has been found in brains of patients with Parkinson’s
disease and Alzheimer’s disease (9, 32). Which oxidation form of
C106 is active is still under debate. Zhou et al. reported that DJ-1

at C106 with SO2H is an active form in terms of chaperone activity
toward �-synuclein (33). We, on the other hand, have reported
that stimulating the activity of DJ-1 toward tyrosine hydroxylase
and L-3,4-dihydroxyphenylalanine (L-DOPA) decarboxylase re-
quires the presence of reduced and SOH forms of C106, which
account for more than 50% of the total forms (25). In this study,
cells were treated with 1 mM H2O2 for 30 min, and the pI values of
DJ-1 spots were shifted from 6.2 to 5.8 (Fig. 3B). Since a spot with
a pI of 5.8 contained more than 50% of the SO2H form of C106 to
the total forms of C106 (data not shown), it is possible that DJ-1
with SO2H of C106 preferentially binds to p53 to inhibit p53-
dependent DUSP1 expression. Since other forms of C106 were
also involved in the spot with a pI of 5.8, however, we cannot rule
out the possibility that C106 forms other than SO2H work much
more effectively toward p53. Establishment of methods to purify
DJ-1 possessing respective forms of C106 is necessary for the anal-
ysis of DJ-1.

p53 bound to the DUSP1 promoter at 15 min after exposure of
cells to H2O2 (Fig. 10A), and the expression level of DUSP1
mRNA then peaked at 30 min (Fig. 4A). The DJ-1-binding level
with p53 also peaked at 30 min after H2O2 exposure and then
decreased (Fig. 4B) concomitant with decreased binding of p53 to
the DUSP1 promoter (Fig. 10A). When the same experiments
were carried out using DJ-1�/� cells, the expression level of
DUSP1 mRNA was increased at 30 min after H2O2 exposure (Fig.
4D and E). If the p53–DJ-1 interaction is a negative feedback that
shuts down DUSP1 after its initial activation, then binding of DJ-1
to p53 must be correlated with repression of DUSP1 expression at
time points after the addition of H2O2. As described above, this
was not the case. As shown in Fig. 11A and C, DJ-1 increased the
phosphorylation level of ERK through downregulation of DUSP1
expression at 15 min after the second exposure to H2O2, but there-
after, there were no differences in the decreasing curves of ERK
phosphorylation between DJ-1�/� and DJ-1�/� cells, suggesting
that DJ-1 determines the maximal level of ERK phosphorylation.
From these results, it may be that the mechanism of DJ-1 action
toward DUSP1 expression involves DJ-1 receiving oxidative stress
as an oxidative stress sensor and its C106 is oxidized. Oxidized

FIG 15 DJ-1 inhibits the DNA-binding activity of p53 mutants. H1299 cells were transfected with FLAG-p53 R181L (A) or R181C (B) and wild-type or C106S
DJ-1–HA. Forty-eight hours after transfection, cells were treated with 300 �M H2O2 for 30 min, and ChIP assays targeting the p21 gene were carried out. Proteins
were prepared from H1299 cells transfected with FLAG-p53 R181L (C) or R181C (D) and wild-type or C106S DJ-1–HA and analyzed by Western blotting.
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DJ-1 binds to p53 at the limited time point, resulting in suppres-
sion of DUSP1 expression, thereby regulating the activation level
of ERK.

p53 is posttranslationally modified by various stresses, and
tetramerization of p53 is necessary for transcriptional activity of
p53. We did not find any evidence that the phosphorylation of p53
affects its interaction with DJ-1. p53, however, undergoes other
posttranslational modifications such as lysine acetylation. The
acetylation of p53 enhances the DNA-binding activity of p53 to
specific DNA regions (34), and it is therefore possible that acety-
lation of p53 affects DUSP1 expression. Furthermore, it has been
reported that p53 induces phosphorylation of DJ-1 (35). Thus, it is
thought that in addition to oxidation, DJ-1 chooses its binding
proteins on the basis of various modifications of DJ-1.

A 30-min exposure of cells to H2O2 induced phosphorylation
of serines 15 and 20 but not serine 46 of p53, and the p53–DJ-1
complex level was increased at a peak of 30 min after H2O2 treat-

ment (Fig. 2 and 4B). Since severe DNA damage leads to phos-
phorylation of p53 serine 46 (36), it is thought that weak DNA
damage occurred under the conditions of oxidative stress used in
this study and that DJ-1 contributes to suppression of p53 under
conditions of such weak damage.

The p21 and DUSP1 promoters contain consensus and non-
consensus p53-binding sequences, respectively, which have a high
affinity and low affinity for p53 (27, 37). The protein level of Bax,
the promoter of which contains the consensus p53-binding se-
quence, is downregulated by DJ-1 before and after treatment of
cells with H2O2 (12, 38), suggesting that the suppressive activity of
DJ-1 toward Bax does not depend on the oxidative status of DJ-1.
It is of interest that DJ-1 inhibited p53 transcriptional activity
toward the DUSP1 promoter but not toward the p21 promoter
(Fig. 7) and that these phenomena were obtained through inter-
ference of the DNA-binding activity of p53 toward the DUSP1
promoter by DJ-1 (Fig. 9). However, when p53 mutants with low

FIG 16 Schematic models of the role of DJ-1 in the inhibition of p53 transactivation. (A) DJ-1 activates cell survival pathways under conditions of oxidative stress
through downregulation of DUSP1 expression. (B) DJ-1 suppresses transactivation activity of p53 depending on the p53 DNA-binding affinity.
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DNA-binding affinity for the p21 promoter were used, DJ-1 in-
hibited their transcriptional activity even to the p21 promoter
(Fig. 14A). Binding activities of DJ-1 to the p53 mutants were the
same as that to wild-type p53 (Fig. 13A). It is therefore thought
that DJ-1 interferes with p53-binding activity to the DNA region
that possesses weak association with p53 and that DJ-1 does not
affect p53-binding activity to the DNA region that strongly
interacts with p53 under conditions of oxidative stress. In other
words, the binding affinity of p53 for the respective DNA-bind-
ing region determines whether or not DJ-1 inhibits the DNA-
binding and transcriptional activities of p53 (Fig. 16B). The
present findings suggest that DJ-1 plays a novel role in sup-
pressing the expression of p53 target genes through preventing
promoter recognition of p53 in a DNA-binding affinity-depen-
dent manner. Furthermore, DJ-1 and p53 were colocalized in
nuclei before and after H2O2 treatment (Fig. 1E and F), and p53
was localized to nuclei in both DJ-1�/� and DJ-1�/� cells with
or without H2O2 treatment (Fig. 4J and K), suggesting that
DJ-1 inhibits binding of p53 to specific DNA regions without
affecting the localization of p53.

The exposure of cells to H2O2 quickly induces phosphorylation
of p53 and ERK. Activated p53 then upregulates the expression of
proapoptotic genes (39, 40). Activation of ERK via the Ras/Raf/
MEK pathway, on the other hand, supports cell survival (41, 42). It
has been reported that the inhibition of p53 activates ERK after
H2O2 treatment of cells, suggesting the existence of cross-talk of
the negative signaling pathway between p53 and ERK (43). Oxi-
dized DJ-1 inhibited p53-dependent DUSP1 expression under
conditions of oxidative stress (Fig. 4D and F and 7A), and it in-
creased ERK phosphorylation and cell survival (Fig. 11 and 12).
Suppression of DUSP1 expression also results in a decrease of
oxidative stress-induced cell death in SH-SY5Y cells (44), and ac-
tivation of ERK regulates tyrosine hydroxylase transcription by
activating the orphan nuclear receptor Nurr1 (45, 46). In addition
to ERK, DJ-1 inhibits p38, MKK3, and MKK6 activity by inacti-
vating ASK1 under conditions of oxidative stress (47). It is there-
fore thought that DJ-1 contributes to the activation of survival
pathways by suppressing the apoptosis pathway through regula-
tion of the expression of MAPK phosphatase under oxidative con-
ditions.

It has been reported that DJ-1 is overexpressed in many types
of cancers, especially in cancer cells with poor prognosis, and that
almost half of these cancer cells possess p53 mutations (48–52). In
this study, DJ-1 inhibited the transcriptional activities of p53 mu-
tants more effectively than that of wild-type p53 after the cells had
been exposed to H2O2 (Fig. 14A). p21 promoter activity exhibited
by R181L p53 was decreased to 82% of that exhibited by wild-type
p53 and was inhibited by wild-type DJ-1 to 57.2% of that without
DJ-1, indicating that the final promoter activity by R181L p53
became 47% of that by wild-type p53. In the case of R181C p53,
the final activity was reduced only to 8% of that obtained by wild-
type p53 (Fig. 13B and 14A). DJ-1 activates the ERK (Fig. 11A) and
Akt pathways by binding to PTEN (53) and has a cooperative
transforming activity with H-Ras, which is located upstream of
both pathways (1). These results suggest that, in addition to the
stimulation of cell proliferation pathways, overexpressed DJ-1
contributes to the poor prognosis in cancer cells by suppressing
cell death pathways.
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