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Abstract. DJ-1 was identified by us as a novel oncogene in
cooperation with activated ras. Although over-expression of
DJ-1 has been reported in several cancer cells, including
cells in breast cancer, lung cancer and prostate cancer, the
precise mechanism underlying transformation has not been
clarified. In this study, we screened proteins by a yeast
two-hybrid method and identified Abstrakt as a DJ-1-binding
protein. Abstrakt is an RNA helicase, but it has not yet been
characterized. Northern blot analysis showed that human
Abstrakt was expressed ubiquitously in all tissues. Abstrakt
was then found to bind to and to be colocalized in the nucleus
with DJ-1 in human cells. Furthermore, Abstrakt was found
to stimulate transforming activity of DJ-1 in rat 3Y1 cells
transfected with DJ-1 with activated ras. These findings
suggest that Abstrakt is a positive regulator for DJ-1.

Introduction

DJ-1 was first identified by our group as a novel oncogene
product that transformed mouse NIH3T3 cells in cooperation
with activated ras (1). The human DJ-1 gene is mapped at
chromosome 1p36.2-p36.3, where a hot spot of chromosome
abnormalities has been reported in several tumors (2),
However, the mechanism underlying cell transformation
has not been clarified. Another group has also identified RS,
another name for human DJ-1, as a regulatory component of
an RNA-binding protein complex (3). Furthermore, CAP-{
or SP22, a rat homologue of human DJ-1, has been identified
by other laboratories as a key protein related to infertility of
male rats (4-6). DJ-1 was then found to be related to infertility

Correspondence to: Dr Hiroyoshi Ariga, Graduate School of
Pharmaceutical Sciences, Hokkaido University, Kita 12, Nishi 6,
Sapporo 060-0812, Japan

E-mail: hiro@pharm.hokudai.ac jp

Key words: Di-1, transformation, Abstrakt, oncogenc

(7.8). It has also been shown that DJ-1 is a circulating tumor
antigen in breast cancer, in which DJ-1 is secreted from cells
to serum (9), and that DJ-1 is over-expressed in smoker-
derived lung adenocarcinoma (10) and prostate cancer (11).

We have shown that DJ-1 acts as a positive regulator for
the androgen receptor {AR) by sequestering PLASxa or DIBP
(12-14). PIASxa, a member of the PIAS family of proteins,
and DIBP, a novel DJ-1-binding protein, function as negative
regulators for AR by preventing AR DNA-binding activity
and by recruiting histone deacetylase complex, respectively
(12,13).

Deletion and point (L166P) mutations of DJ-1 have
recently been shown to be responsible for onset of familial

‘Parkinson's disease, PARK7 (15), and other homozygous

and heterozygous mutations of DJ-1 have been identified in
patients with familial or sporadic Parkinson's disease (16-18).
Various lines of evidence also suggest that oxidative stresses
contribute to the cascade leading to dopaminergic cell
degeneration in PD (19-21; recently reviewed in ref. 22).
Expression of DI-1 was shown to be induced by oxidative
stresses (23-25), and cysteine at amino acid number 106 of
DJ-1 was found to be oxidized as a form of sulphonic or
sulphinic acid (26). A pl shift of DJ-1 towards a more
acidic isoform has been observed in PD patients (27). We
previously reported that DJ-f plays a role in an antioxidative
stress reaction, in which reactive oxygen species were
eliminated in vitro and in vivo by oxidizing DJ-1 itself, and
that mutations of DJ-1, including L166P, lead to cell death
(28,29). Other mutants of DJ-1 found in Parkinson's disease
patients were also found to possess reduced antioxidative
stress activities (30). These findings indicate that DJ-1 is a
multi-functional protein in somatic cells and sperm.

In this study, we identified Abstrakt as a DJ-1-binding
protein. Abstrakt was found to stimulate transformation
activity -of DI-1, suggesting that Abstrakt is one of key
players that modulate versatile functions of DJ-1.

Materials and methods
Cells. Human 293T, human HeLa and rat 3Y1 cells were

cultured in Dulbecco's modified Eagle's medium with 10%
calf serum. )
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Construction of plasmids. Nucleotide sequences of the
oligonucleotide used for PCR primers were as follows: Abs
ATG (EcoRI), 5-AAAGAATTCATGGAGGAGTCGGAAC
CCGA-3"; Abs STOP (Sall), 5-GGGCTCGAGTCAGAAGT
CCATGGAGCTGT-3'. pcDNA3-FLAG-Abs or pcDNA3-
HA-Abs: PCR was carried out on an EST clone (accession
number: BCO15476) obtained from UK HGMP Resource
Centra as a template with Abs ATG (EcoRl) and Abs STOP
(Sall) as primers. The resaltant PCR product was digested
with EceRI and Safl and inserted into EcoRI-Xhol sites of
peDNA3-FLAG or pcDNA3-HA, respectively. Other plasmids
used in this study were described previously (1,12,13).

Indirect immunofluorescence. HeLa cells were trangfected
with 5 ug of pcDNA-Abstrakt-HA by the calcium phosphate
precipitation method (31). Forty-eight hours after transfection,
cells were fixed with a solution containing 4% paraform-
aldehyde and reacted with a combination of a4 mouse anti-
HA-monoclonal antibody (12CAS, Roche) and an anti-DJ-1
polyclonal antibody (1). The cells were then reacted with a
fluorescein isothiocyanate (FITC)-conjugated anti-rabbit IgG
or rhodamine-conjugated anti-mouse 1gG and observed under
a confocal laser fluorescent microscope.

In vivo binding assay. Two pg of pcDNA3—FLAG—Abstmkt
together with 2 pg of pcDNA3-T7-DJ-1 were transfected
into human 293T cells 60% confluent in a 10-cm dish by the
calcium phosphate precipitation technique (31). Forty-eight
hours after transfection, the whole cell extract was prepared
by the procedure described previously (12). Approximately
2 mg of the 293T cell proteins was first immunoprecipitated
with a mouse anti-FLAG antibody (M2, Sigma) or with a
nmouse anti-HA antibody (12CAS5, Roche) under the same
conditions as those described previously (12,13). The
precipitates were then separated in a 12% polyacrylamide gel
containing SDS, blotted onto a nitrocellulose filter, and
reacted with a rabbit anti-T7 antibody (Novagen) and with
the mouse anti-FLAG antibody.

Focus forming assay. Rat 3Y1 cells in a 10-cm dish were
ransfected with | ug of pH-ras and/or pcDNA3-F-DJ-1 by
the calcium phosphate precipitation method (31). The medium
was changed every 3 days, and the cells were stained with
Giemsa solution 14 days after transfection.

Results and Discussion

Identification of Abstrakt as a DJ-1-binding protein. We
have reported that DJ-I binds to PIASx« and DJBP and that
it regulates AR transcription activity (12,13). In addition
to PIASxu and DIBP, cDNA spanning amino acids 419-623
of human Abstrakt was obtained by a yeast two-hybrid
screening. After a nucleotide database search, an EST
clone of IMAGE no. 3917178 was found to have the entire
sequence of human Abstrakt. The Drosophila Abstrakt gene
was identified genetically by its effect on axon outgrowth
and fasciculation of the Bolwig nerve, and it encodes a
putative ATP-dependent RNA helicase of the DEAD box
protein family (32,33). The human homologue of Drosophila
Abstrakt was also identified, but its function is unknown.
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Figure |. Expressions of Abstraki mRNA in buman tissues. Northern blot
analysis was carried out using multiple Northern blot sheets of human
tissues (Clontech) with labeled ¢cDNAs of Abstrakt, DI~ and f-actin.

Figure 2. Association of DJ-1 with Abstrakt. DJ-1 and Abstrakt were tagged
with either T7 or FLAG, and their expression vectors were transfected into
human 293T cells. Forty-eight hours after transfection, cell extracts were
prepared, and the proteins in the extracts were first immunoprecipitated
(IP) with an anti-FLAG antibody or anti-HA antibody. The proteins in the
precipitates were separated in a 12% polyacrylamide gel and analyzed by
Western blotting with anti-FLLAG and anti-T7 antibodies.

Since there is no report on human Abstrakt, the expression of
Abstraki mRNA was first examined by Northern blot analysis
in various human tissues using a probe of Abstrakt cDNA. In
human tissues, mRNA of 2.6 kb corresponding to that of
human Abstrakt was expressed ubiquitously in all of the
tissues with strong expression in the ovary, and ubiquitous
expression of DJ-1 in tissues was also shown (Fig. 1),
Associations of DJ-1 with Abstrakt in cells were then
examined. To do this, FLAG-tagged Abstrakt was co-
transfected with T7-tagged DJ-1 into human 293T cells.
Forty-eight hours after transfection, cell extracts were prepared
from transfected cells, proteins in the extracts were immuno-
precipitated with an anti-FLAG antibody or an anti-HA
antibody, and the precipitates were analyzed by Western
blotting with an anti-T7 or anti-Flag antibody (Fig. 2). The
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Figure 3. Colocalization of DJ-1 and Abstrakt. Hel.a cells were Iransfected with HA-Abstrakt by the calcium phosphate precipitation technique (31). Forty-
eight hours after uansfection, cells were fixed, reacted with an anti-DJ-1 polyclonal antibody and an anti-HA monoclonal antibody, and visualized with a
FITC-conjugated anti-rabbit antibody and rhodamine-conjugated anti-mouse antibody. The two [ligures were merged (Merge).

anti-FLAG antibody, but not the anti-HA antibody, was
first confirmed to precipitate FLAG-tagged Abstrakt (Fig. 2
lower part). The results also showed that T7-DJ-1 was co-
immunoprecipitated with FLAG-Abstrakt (Fig. 2, upper
part), indicating that DJ-1 is associated with Abstrakt in
2937 cells.

Previous studies have shown that DJ-1 is localized both
in the cytoplasm and nucleus in human HelLa cells and is
translocated from the cytoplasm to nuclei during the S-phase
of the cell cycle upon induction by mitogen (1). Localization
of Abstrakt in cells, however, has not been reported. To
determine the cellular localization of Abstrakt and DJ-1, an
expression vector for HA-tagged Abstrakt was transfected
into human HeL.a cells. Two days after transfection, the cells
were stained with anti-DJ-1 and anti-FLAG antibodies to
stain endogenously expressed DJ-1 and ectopically expressed
Abstrakt, respectively, and the proteins were detected by
FITC- and rhodamine-conjugated second antibodies,
respectively, and then visualized under a confocal laser
microscope (Fig. 3). Endogenously expressed DJ-1 (green)
and Abstrakt (red) were co-localized in the nucleus as shown
by the yellow color (Fig. 3C, Merge).

Stimulation of transforming activity of DJ-1 by Abstrakt.
Since DJ-1 possesses transforming activity in collaboration
of activated ras, the effect of Abstrakt on cell transforming
activity of DJ-1 was also examined. Rat 3Y1 cells were
transfected with expression vectors for H-ras and DJ-1 with
or without the expression vector for Abstrakt and cultured
for 14 days. The cells were then stained with the Giemsa
solution, and foci due to transformed cells were counted
(Fig. 4). As reported previously (1), DJ-1 or ras alone
yielded small numbers of foci (data not shown) and DJ-1 in
combination with ras yielded large numbers of foci (Fig. 4).
No Abstrakt yielded foci of transformed cells by itself (data
not shown). Co-introduction of Abstrakt in addition to DJ-1
and ras, however, reproducibly increased the number of
transformed cell foci by 1.5-fold (Fig. 4). The results suggest
that Abstrakt is a positive regulator for DJ-1.

In this study, we identified human Abstrakt as a DJ-1-
binding protein and found that Abstrakt stimulated trans-
forming activity of DJ-1. The Abstrakt gene in Drosophila
has been identified by a genetic screening for mutations
affecting the projection of the larval optic nerve and was
found by genetic methods to regulate aspects of cell polarity
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Figure 4, Effect of Abstrakt on the focus {orming activity of DI-1. Rat 3Y1
cells in a 10-cm dish were transfected with | ug of pH-ras and/or pcDNA3-
-PDJ-1 by the calcium phosphate precipilation method (31), and the medium
was changed every 3 days. Fourteen days after transfection, the cells were
stained with Giemsa solution and the foci due to transformed cells were
counted. The average numbers of 4 independent experiments are shown.

in oocytes and embryos and also to regulate the inscuteable
levels and asymmetric division of neural and mesodermal
progenitors in Drosophila (32-34). Abstrakt encodes a
putative ATP-dependent RNA helicase of the DEAD box
protein family and was found to bind to RNA, suggesting
that Abstrakt functions in mRNA splicing or translational
control (34). Although these findings have been observed in
Drosophila, biochemical characteristics of Abstrakt have not
been clarified and there has been no report on 2 human
homolog of Drosophila Abstrakt. Since DJ-1/RS has -been
found to be a'component of the RNA polymerase complex
(3), it is likely that DJ-1 is associated with Abstrakt. Multiple
steps, including DNA replication and activation or inactivation
of genes that are related to cell cycle progression, are required
for cells to be transformed. It is therefore thought that
RNA helicase activity contributes 4o reactions in these
steps. Although functions of Abstrakt in human cells are not
known, the findings in this study suggest that Abstract is a
positive regulator for some functions of DJ-1.
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Abstract. DJ-1 is a multi-functional protein that plays roles
in transcriptional regulation and anti-oxidative stress, and
loss of its function is thought to result in onset of Parkinson's
disease. Here, we report that DI-1 bound to Topors/p53BP3,
a ring finger protein binding to both topoisomerase 1 and p53,
in vitro and in vivo and that both proteins were colocalized in
cells, DJ-1 and p53 were then found to be sumoylated by
Topors in cells. It was also found that DJ-1 bound to p53 in
vitro and in vivo and that colocalization with and its binding
to p53 were stimulated by UV irradiation of cells. Trans-
cription activity of p53 was found to be abrogated by Topors
concomitant with sumoylation of p53 in a dose-dependent
manner, and DJ-1 restored its repressed. activity by releasing
the sumoylated form of p53. These findings suggest that
DI-1 positively regulates p53 through Topors-mediated
sumoylation. ’

Introduction

DIJ-1 was first identified by our group as a novel candidate of
the oncogene product that transformed mouse NIH3T3 cells
in cooperation with activated ras (1). The human. DJ-1 gene
is mapped at chromosome 1p36.2-p36.3, where a hot spot of
chromosome abnormalities has been reported in several tumors
(2). DI-1 has been.reported to be overexpressed in breast
cancer (3) and in smoker-derived lung adenocarcinoma (4).
DJ-1 has also been reported to be a regulatory component of
an RNA-binding protein complex (5) and to be related to
infertility (6-11). We have shown that DJ-1 acts as a positive
regulator for the androgen receptor (AR) by sequestering
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PI1ASxa or DIBP (12-14). PIASxa, a member of the PIAS

" family of proteins, and DIBP, a novel DJ-1-binding protein,

function as negative regulators for AR by preventing AR
DNA-binding activity and by recruiting histone-deacetylase
complex, respectively (12,13). PIAS family proteins, which
include PIAST, PIAS3, PIASxa, PIASxB and PIASy, were
found to function as transcriptional coregulators in various
other cellular pathways, including the p53 pathway. PIAS
proteins were then found to act as E3 SUMO-1 ligases that
stimulate SUMO-1 conjugation to proteins, including p53
(15-17). We found that DJ-1 was also sumoylated with PIASxa
and PIASy to exert its full activities (Shinbo et af, unpublished
data).

Deletion and point (1.166P) mutations of DJ-1 have recently
been shown to be responsible for onset of familial Parkinson's
disease (PD), PARK7 (18), and other homozygous and hetero-
zygous mutations of DJ-1 have been identified in patients with
familial or sporadic PD (19-21). Various lines of evidence
also suggest that oxidative stresses conlribute to the cascade
leading to dopaminergic cell degeneration in PD (22-24; for
review see ref. 25), and expression of DJ-1 was shown to be
induced by oxidative stresses (26-30). A pl shift of DJ-1
towards a more acidic isoform has been observed in PD
patients (31). We previously reported that DJ-1 plays a role
in an anti-oxidative stress reaction, in which reactive oxygen
species were eliminated in vitro and in vivo by oxidizing DJ-1
itself, and that mutations of DIJ-1, including 1L166P, lead to
cell death (29,32).

In this study, we found that Topors/p53BP3 is a DI-1-
binding protein and that Topors sumoylated both DJ-1 and
p53. DI-1 restored p53 transcription activity that had been
abrogated by Topors-induced sumoylation.

Materials and methods

Cells. Human 2937, human H1299, human Hel.a and mouse
ME180 cells were cultured in Dulbecco's modified Eagle's
medium with 10% calf serum.

Construction of plasmids. Nucleotide sequences of the oligo-
nucleotide used for PCR primers were as follows: Topors ATG
(Mfel), 5'-GGGGAATTCGACCCTGTCACCGAGACC-3Y
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Topors STOP (Xhol), 5'-CCTGGTAGAGACTGTGATGTG-
3" p53 ATG (EcoRI), 5-GGGGAATTCATGACTGCCAT
GGGAGGAG-3'; p53 STOP (Xhol), 5'-GGGCTCGAGT
CAGTCTGAGTCAGGCCC-3"; pcDNA3-FLAG-Topors or
pcDNA3-FLAG-p53: PCR was carried out on an EST clone
(accession no.: AW 106470) obtained from UK HGMP
Resource Centra and pEF-p53 (33) as templates either with
Topors ATG (Mfel) and Topors STOP (Xhol) or with p53
ATG (EcoR1) and p53 STOP (Xhol) as primers. The resultant
PCR product was digested with Mfel and Xhol or with EcoR]
and Xhol and inserted into EcoRI-Xhol sites of pcDNA3-FLAG
or pcDNA3-T7, respectively. Other plasmids used in this study
were described previously (1,12,13,29).

SUMO-1 conjugation to DJ-1 in vivo. H1299 cells were trans-
fected with 5 pg of pcDNA-FLAG-DIJ-1, 2 pg of pcDNA3-
T7-SUMO-1 and 5 ug of pcDNA-F-Topors by the calcium
phosphate precipitation method (34). Forty-eight hours after
transfection, proteins were extracted from human H1299
cells with a buffer containing 0.1% NP-40, 50 mM Tris-HCI
(pH 7.5) and 150 mM NaCl and by sonication. Proteins were
then tmmunoprecipitated with an anti-FLAG monoclonal
antibody-conjugated agarose (M2, Sigma), and the precipitates
were dissolved with a sample buffer containing 30 mM Tris-
HCI (pH 6.8), 6% SDS, 0.006% bromophenol blue, 12% 2-
mercaptoethanol and 50% glycerol, boiled for 15 min, and
subjected to Western blotting using the anti-FLAG monoclonal
antibody or an anti-SUMO-1 polyclonal antibody (FL-101,
Santa Cruz). Proteins were then visualized by using ECL
system (Amersham BioScience).

Indirect immunofluorescence. Hela cells were transfected with
5 pg of pcDNA-FLAG-Topors by the calcium phosphate
precipitation method (34). Forty-eight hours after trans-
fection, cells were fixed with a solution containing 4% para-
formaldehyde and reacted with a combination of a mouse
anti-FLAG monoclonal antibody (M2, Sigma) and an anti-
DI-1 polyclonal antibody (1). The cells were then reacted
with an fluorescein isothiocyanate (FITC)-conjugated anti-
rabbit I1gG or rhodamine-conjugated anti-mouse IgG and
observed under a confocal laser fluorescent microscope.
ME180 cells were irradiated with 20 J/m? of ultraviolet (UV)
light. At 30 min after UV #radiation, cells were treated as
described above using an anti-p53 monoclonal antibody
(Pab240, Santa Cruz) and the anti-DJ-1 polyclonal antibody.

In vitro binding assay. **S-labeled Topors or p53 was
synthesized in vitro using the reticulocyte lysate of the TnT-
transcription-translation coupled system (Promega) and
peDNA3-FLAG-Topors or pcDNA3-FLAG-p53 as a template.
Labeled proteins were mixed with GST or GST-DJ-1 expressed
in and prepared {rom E. coli at 4°C for 60 min in a buffer
containing 150 mM NaCl, | mM EDTA, 20 mM Tris (pH 8.0),
and 0.5% NP-40. After washing with the same buffer, the
bound proteins were separated in a 12% polyacrylamide gel
containing SDS and visualized by fluorography.

In vivo binding assay. Two pg of pcDNA3-FLAG-Topors or
pcDNA3-FLAG-p53 together with 2 pg of pcDNA3-DJ-1-
HA were transfected into human 293T cells 60% confluent in
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a 10-cm dish by the calcium phosphate precipitation technique
(34). Forty-eight hours after transfection, the whole cell extract .
was prepared by the procedure as described previously (12).
Approximately 2 mg of the 293T cell proteins was first
immunoprecipitated with a mouse anti-FLAG antibody (M2,
Sigma) or with non-specific mouse 1gG under the same
conditions as those used in the in virro binding assay as
described above. After washing with the same buffer, the
precipitates were separated in a 12% polyacrylamide gel
containing SDS, blotted onto a nitroceliulose filter, and reacted
with a rabbit anti-HA antibody (MBL) and with the mouse
anti-FLAG antibody.

Luciferase assay. One hundred ng of PG-13-Luc, a reporter
plasmid, 50 ng each of pcDNA3-FLAG-p33 and pcDNA3-T7-
SUMO-1, various amounts of pcDNA3-FLAG-Topors, and
various amounts of pcDNA3-FLLAG-DI-1 together with 50 g
of pCMV-i-gal. a f-galactosidase expression vector, were
transfected into H1299 cells ~60% confluent in a 6-cm dish
by the calcium phosphate method (34). Forty-eight hours
after transfection, whole cell extracts were prepared by the
addition of Triton X-100-containing solution from a Pica gene
kit (Wako Pure Chemicals Co. Ltd., Kyoto, Japan) to the cells.
About a one-fifth volume of the extract was used for the B-
galactosidase assay to normalize the transfection efficiency
as described previously (12), and the luciferase activity due
to the reporter plasmid was determined using a Pica gene kit
and a luminometer, Lumat LB 9507 (EG & G Berthold). The
same experiments wefe repeated three to five times.

Results

Identification of Topors as a DJ-1-binding protein. We have
reported that DJ-1 binds to PIASxu and DIBP and that it
regulates the AR transcription activity (12,13). In addition to
PIASxu and DJBP, cDNA spanning amino acids 439-1045 of
human Topors (Fig. 1) was obtained by a yeast two-hybrid
screening. After a nucleotide database search, an EST clone
of IMAGE no. 2225874 was found to be a mouse homolog of
human Topors. Since the entire sequence of this clone had
not been determined, we determined its sequence and deposited
it to the DDBJ databank (accession no. AB072395). Topors,
a protein also named p53BP3 or Lun, was comprised of four
PEST domains, a leucine zipper-like domain and a ring finger
motif, and it is identified as topoisomerase 1- or p53-binding
protein (35-37) (Fig. 1A). The ¢cDNA initially obtained in a
two-hybrid screening covers both p53 and topoisomerase 1-
binding regions. Association of DJ-1 with full-sized Topors
was first confirmed by using a two-hybrid method (data not
shown).

Associations of DJ-1 with Topors in cells were then
examined. To do this, FLAG-Topors was cotransfected with
DI-1-HA into human 293T cells. Forty-eight hours after trans-
fection, cell extracts were prepared from transfected celis,
proteins in the extracts were immunoprecipitated with an anti-
FLAG antibody or non-specific IgG, and the precipitates were
blotted with an anti-DJ-1 or anti-Flag antibody (Fig. 1B). The
FLAG antibody but not 1gG was first confirmed to precipitate
FLAG-tagged Topors (data not shown). The results also
showed that DJ-1-HA and endogenously expressed DJ-1,
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Figure 1. Association of DJ-1 with Topors. (A), Schematic drawings of Topors. R, NLS and LZ indicate regions of the ring finger domain, nuclear localization
signal and leucing zipper region, respectively. (B), DJ-1 and Topors were tagged with either HA or FLAG, and their expression veclors were transfected into
human 293T cells. Forty-eight hours after translection, cell extracts were prepared, and he proteins in the extracls were first imimnunoprecipilated (1P) with an
anti-FLAG antibody or non-specific IgG. The proteins in the precipitates were separated in a 12% polyacrylamide gel and blotted-with an anti-DIJ-1 antibody. (C),
GST or GST-DJ-1 was expressed in E. coli BL2{(DE3) and applied to glutathione-Sepharose 4B. *S-fabeled Topors synthesized in vitro in a coupled
transcription/translation system was then applied to the column. The labeled proteins that had bound to the column were separated in a gel and visualized by
fluorography. (D), Hel.a cells were transfected with FLAG-Topors by the calcium phosphale precipitation technique. Forty-eight hours afier transfection, cells
were {ixed, reacted with an anti-DJ-1 polyclonal antibody and an anti-FLAG monoclonal aniibody, and visualized with a FITC-conjugated anti-rabbit antibody and
a rhodamine-conjugated anti-mouse antibody. Two figures were merged (Merge). '

which migrated below DJ-1-HA, were co-immunoprecipitated
with FLAG-Topors (Fig. 1B, lane 1), indicating that DJ-1 is
associated with Topors in 293T cells. To examine direct
bindings of DJ-1 with Topors , in vitro pull-down assays were
then carried out. GST or GST-DI-1 expressed in and prepared
from E. coli was mixed with *S-labeled Topors synthesized

in vitro in a reticulocyte lysate, and bound proteins were
separated in a gel and visualized by fluorography (Fig. 1C).
The results showed that GST-DIJ-1, but not GST, directly
bound to Topors (Fig. 1C, lanes | and 2, respectively). These
results from in vivo and in vitro binding assays suggest that
DJ-1 forms complexes with Topors.
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Figure 2. SUMO-1 conjugation to DJ-1 by Topors. HL299 cells were co-
translected with FLAG-DJ-], T7-SUMO-1, and GEFP-Topors or GI'P alone.
Forty-eight hours after transfection, proteins extracled from translected
cells were immunoprecipitated with an anti-FLAG antibody and blotted
with the anti-FLAG antibody or an anti-SUMO- antibody as described in
Materials and methods. The amounts of expression vectors for FLAG-DI-1,
T7-SUMO-1, and GIP-Topors or GFP were 5, 2 and 5 pg, respectively.

Previous studies have shown that DJ-1 is localized both
in the cytoplasm and nucleus in human HeLa cells and is
translocated from the cytoplasm to nuclei during the S-phase
of the cell cycle upon induction by mitogen (1) and that
Topors is located in the nucleus (35-37). To determine the
cellular localization of Topors and DJ-1, expression vectors for
FLAG-tagged Topors were transfected into human HelLa
cells. Two days after transfection, the cells were stained with
anti-DJ-1 and anti-FLAG antibodies, and the proteins were
detected by FITC- and rhodamine-conjugated second
antibodies, respectively, and then visualized under a confocal
laser micro-scope (Fig. 1D). Endogenously expressed DJ-1
green) and Topors (red) were co-localized in the nucleus as
shown by the yellow color (Fig. 1D, Merge).

SUMO-1 conjugation to DJ-1 by Topors. Topors contains a ring
finger domain that has been observed in E3-ubiquitin ligase
or E3-SUMO-I ligase, and Drosophila Topors has recently
been shown to possess E3-ubiquitin ligase activity (38). Since
DJ-1 is known not to be degraded by the ubiquitin-proteasome
system, we investigated whether DJ-1 is sumoylated by Topors.
To do this, human H1299 cells were cotransfected with FLLAG-
DJ-1 and GFP-SUMO-1 or GFP vector alone. Forty-eight.hours
after transfection, cells were lysed in SDS-containing buifer,
boiled, and immunoprecipitated with an anti-FLAG antibody.
Precipitates were blotted with the anti-FLAG antibody or an
anti-SUMO-1 antibody (Fig. 2). In addition to a 26-kDa band
corresponding to FLAG-DIJ-1, a 44-kDa band appeared in the
immunoprecipitate with the anti-FLAG antibody in the case
of cotranstection with Topors but not GFP (Fig. 2, upper panel,
lanes 3 and 4, respectively). Since SUMO-1 conjugation to
proteins is known to give an addition of approximately 20 kDa
to proteins in SDS-polyacrylamide gel and since the 44-kDa
band reacted with the anti-SUMO-1 antibody, the results
clearly showed that DI-1 was sumoylated in vivo in H1299
cells (Fig. 2, lower panel, lane 3).

SHINBO e af: DI-1 RESTORES p53 TRANSCRIPTION ACTIVITY

Binding of DJ-1 10 p53. Since Topors is also a p53-binding
protein (36) and expression of both DJ-1 and p53 was
induced by several stresses (26-30, for review see ref. 39,
refs. therein), it is possible that DJ-1 also binds to p53. T7-
p53 was co-transfected with FLAG-DI-1 into human 293T
cells. Forty-eight hours after transfection, cell extracts were
prepared from transfected cells, proteins in the extracts were
immunoprecipitated with an anti-FLAG antibody or non-
specific 1gG, and the precipitates were blotted with an anti-
p53 polyclonal or anti-Flag monoclonal antibody (Fig. 3A-a).
The FLAG antibody, but not 1gG, was first confirmed to
precipitate FLAG-DJ-1 (data not shown). Two bands with
strong and weak intensities were also observed in the lane
indicating proteing coimmunoprecipitated with FLAG-DJ-1,
and four bands were observed in the input lane (Fig. 3A-a).
To characierize these bands, 2937 cells were transfected with
T7-p53 and proteins in cells were subjected to Western blotting
with the anti-p53 antibody. Proteins on the filter were then
reacted with IRDye800-conjugated anti-rabbit 1gG and
IRDye700-conjugated anti-mouse IgG to detect all p53 and
T7-p53, respectively, and visualized using an infrared imaging
system (Odyssey, LI-COR), in which IRDye800 and IRDye700
give green and red signals, respectively (Fig. 3A-b), The resulis
showed that while an anti-T7 antibody detected two bands only
in T7-p53 transfected cells, the anti-p53 antibody detected four
bands and two bands in transfected and non-transfected cells,
respectively (Fig. 3A-b, lanes 3,4, 1 and 2, respectively). When
these two figures were merged, the upper two bans turned
yellow and the lower two bands remained green, indicating
that the upper and lower bands correspond to T7-p53 and
endogenously expressed p53. It is known that modifications
such as phosphorylation and acetylation of 53 occur in cells
and these appear as bands with ditferent mobilities on poly-
acrylamide gel. Since phosphorylated p53 runs slowly
compared to non-modified p53, it is thought that the upper
and lower bands in this figure correspond to phosphorylated
and non-phosphorylated p53, respectively. Although the
precise modification of p53 was not clear in this experiment,
the results suggest that DJ-1 was preferentially associated
with modified forms of T7-p53 and endogenous p53 in cells.
Association of Topors with p53 was also examined. 293T
cells were transfected with FLAG-T opors and T7-p53, and
proteins were analyzed as described above (Fig. 3A-c). As
described previously (36,40), Topors were found to bind to
both-T7-p53 and endogenous p53, and modified and non-
modified forms of p53 were found to bind to Topors.

To examine direct binding of DI-1 with p53, in vitro
pull-down assays were then carried out. GST or GST-DJ-1
expressed in and prepared from E. coli was mixed with *3§-
labeled pS3 synthesized in vitro in a reticulocyte lysate, and
bound proteins were separated in a gel and visualized by
fluorography (Fig. 3B). The results showed that GST-DJ-1
but not GST directly bound to p53 (Fig. 3B, lanes 2 and 3,
respectively) but that two bands that may correspond to
modified and non-modified forms of p53 bound to GST-
DJ-1. Although the reason for this discrepancy in the between
in vivo and in vitro results is not known at present, the results
suggest that DJ-1 forms complexes with p53.

Expression of p53 and DJ-1 has been shown to be induced
by UV irradiation (Shinbo et af, unpublished data). We there-
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Iigure 3. Association of DI-1 with p53. (A-a), DJ-1 and p33 were tagged with either FLAG or T7, and their expression vectors were transfected into human 293T
cells. Forty-cight hours after transfection, cell extracts were prepared, and the proteins in the extracts were [irst immunoprecipitated (IP) with an anti-FLAG
antibody or non-specific IgG. The proteins in the precipitates were separaied in a 10% polyacrylamide gel and blotled with an anti-p53 antibody. (A-b), 293T cells
were transfected with T7-p53. Forty-eight hours after transfection, cell extracts were prepared, and the proteins in the exlracts were blotted with both a rabbit anti-
P53 antibody and a mouse T7-antibody. Filters were then reacted with an IRDye800-conjugated anti-rabbit [eG and an IRDye700-conjugated anti-mouse igG and
visualized using an infrared imaging system (Odyssey, LI-COR). (A-c), Expression vectors for FLAG-Topors and T7-p53 were transfected into human 2937 cells,
Forty-eight hours alter transfection, cell extracts were prepared, and the proleins in the extracts were subjected to immunoprecipiiation (IP) with an anti-FLAG
antibody or non-specific 1gG, followed by Western blotting with an anti-p53 antibody as described in (A). (B), GST or GST-DJ-{ was expressed in E. coli
BL21(DE3) and applied to glutathione-Sepharose 4B. »S-labeled p53 synthesized in vitro in a coupled transcription/translation system was then applied to the
column. The labeled proteins that had bound to the column were separated in a gel and visualized by [luorography.

fore investigated the effect of UV irradiation on complex
formation and cellular localization of DIJ-1 and p53. H1299
cells, which are p53-negative cells, were transfected with
FLAG-p53. Forty-eight hours after transfection, cells were
irradiated with 20 J/m? of UV and cultured for another 30 min.
Protein extracts from cells were then immunoprecipitated
with an anti-FLAG antibody or non-specific IgG and the

immLmoprécipitates were blotted with an anti-DJ-1 antibody
(Fig. 4A). DJ-1-p53 complex was precipitated with the anti-
FLAG antibody but not IgG, and the amount of the complex
was found to be increased by UV irradiation (Fig. 4A, lanes 2
and 4). Mouse MEI180 cells, which are p53-positive cells,
were irradiated with 20 J/m? of UV. Thirty minutes after UV
irradiation, cells were fixed with anti-DJ-1 and anti-p53



