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DJ-1 was first identified as a novel candidate of an oncogene product in cooperation with an activated ras,
and DJ-1 was later found to be a positive regulator of the androgen receptor (AR) transcription activity that was
repressed by PIASxa. DJ-1 was also found to be an infertility-related protein that was reduced in rat sperm
treated with sperm toxicants that cause infertility in rats. To determine the roles of DJ-1 in the AR function, the
effects of several androgen antagonists, some of which had been identified as endocrine-disrupting chemicals, on
AR transcription activity and localization of AR and DJ-1 in Cos7 cells were examined. Co-localization of DJ-1
with the AR as dot-like spots in the nucleus was first found in cells that had not been treated with chemicals. Al-
though all of the chemicals tested inhibited AR transcription activity to an average of 25% of that without chem-
icals, there were two classes affecting the localization of the two proteins; one changes the AR from dot-like spots
to diffuse spaces in the nucleus and the other still keeps the AR in the dot-like spots. The localization of DJ-1, on
the other hand, was found to be dramatically changed by all of the chemicals, resulting in loss of co-localization
with the AR. These results indicate that DJ-1 is an essential factor for the AR to exert its full activity.
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DJ-1 was identified as an oncogene product that trans-
forms mouse NIH3T3 cells in cooperation with activated
ras.” The human DJ-1 gene is mapped to 1p36.2—36.3,
where many chromosome aberrations in cancer have been re-
ported.” DJ-1 was found to be more strongly expressed in
the testis than in other tissues and also in sperm, suggesting
that DJ-1 has at least two functions, one function in somatic
cells, especially in germ cells, and one function in sperm.

With regard to the function of DJ-1 in somatic cells, we
have identified PIAS (Protein Inhibitor of Activated
Stat)x o/ ARIP3 (androgen receptor-interacting protein 3) and
DJBP as DJ-1-binding proteins.** PIASxc, a member of the
PIAS family of proteins, was characterized at first as a testis-
specific androgen receptor coregulator.>® We have shown
that PIASx« inhibits the transcription activity of the andro-
gen receptor (AR) by binding to the DNA-binding domain of
AR and that DJ-1 antagonizes this inhibition by sequestering
PIASX a from the AR in CV-1, Cosl and TM4 sertoli cells,
indicating that DJ-1 is a positive regulator of the AR.> DJBP,
a novel DJ-1-binding protein, recruited histone deacetylase
complex to the AR to repress its transcription activity and
DIJ-1 restored its repressed activity by absorbing DJBP.?

The AR is a member of the nuclear receptor superfamily
and plays a role as a ligand-dependent transcription factor.
After a ligand binds to the AR, the AR is translocated into
the nucleus and binds to the androgen-responsive element,
ARE, on the androgen-activating gene that affects develop-
ment, growth and regulation of male reproductive func-
tions.”'? Transcriptional activity of the AR is known to
be regulated by various coregulators that bind to the respec-
tive domain of AR. More than 30 proteins of such coregu-
lators have been reported,'” (see homepage at http://
ww2.mcgill.ca/androgendb). The AR was located in the nu-
cleus as a dot-like spot, in which coactivators, including
TIF2/GRIP, SRC1 and CBP, were colocalized,'>'® and that
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this localization of the AR was abrogated to diffuse spaces in
the nucleus by chemicals, including OHF, vinclozolin, p,p’-
DDE and nitrofen, thereby leading to the repression of the
AR transcription activity.'¥ These results suggest that the
distinct localization of the AR with proper coactivators is es-
sential for exertion of its full transcription activity.

To further characterize the function of DJ-1 in the AR
transcription machinery, the transcription activity and local-
ization of the AR and DJ-1 were examined after the cells had
been treated with chemicals that rendered AR transcription
activity. The results showed that co-localization of DJ-1 with
the AR was drastically hampered by the chemicals, irrespec-
tive of the proper or improper localization of the AR, sug-
gesting that DJ-1 is a factor determining the AR transcription
activity in cells.

MATERIALS AND METHODS

Chemicals Vinclozolin, 1,1-dichloro-2,2-bis(p-chlo-
rophenyl)ethylene (p,p’-DDE) and nitrofen were purchased
from Kanto Chemical Industries. Ornidazole, epichlorohy-
drin (ECH) and dihydrotestosterone (DHT) were purchased
from Sigma. Tamoxifen citrate was purchased from Biomol
Research Labo. All of the chemicals were handled according
to the guidelines of the company and the Ministry of Interna-
tional Trade and Industry. Hydroxyflutamide (OHF) was
kindly provided by Nippon Kayaku, Co. Ltd.

Luciferase Assay Monkey Cos7 cells were cultured in
Dulbecco’s modified Eagle’s medium with 10% calf serum.
Two micrograms of pARE,-TATA-Luc, a reporter plasmid,
0.5 ug of pcDNA3-F-rAR, and 0.5 ug of pPCMV-f-gal, a B-
galactosidase expression vector, were transfected into cells
approximately 60% confluent in a 6-cm dish in the presence
of 10*M DHT by the calcium phosphate method.'> Chemi-
cals were added to the medium for 12 h from 36 to 48 h after
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transfection, and whole cell extracts were prepared by the ad-
dition of the Triton X-100-containing solution from a Pica
gene kit (Wako Pure Chemicals Co., Ltd.) to the cells. About
a one-fifth volume of the extract was used for the f-galac-
tosidase assay to normalize the transfection efficiency as de-
scribed previously,” and the luciferase activity due to the re-
porter plasmid was determined using a Pica gene kit and a
luminometer, Lumat LB 9507 (EG & G Berthold). The same
experiments were repeated three to five times.

Indirect Immunofluorescence Monkey Cos7 cells were
transfected with DNAs and treated with chemicals by exactly
the same protocols as those used in the luciferase assay de-
scribed above. Forty-eight hours after transfection, the cells
were fixed with a solution containing 4% paraformaldehyde
and reacted with a mouse anti-FLAG monoclonal antibody
(M2, Sigma) and an anti-DJ-1 polyclonal antibody.” The
cells were then reacted with a rhodamine-conjugated anti-
mouse IgG or FITC-conjugated anti-rabbit IgG and observed
under a confocal laser fluorescent microscope.

RESULTS AND DISCUSSION

DJ-1 in the epididymis and sperm of rats and mice ex-
posed to male or testis/sperm toxicants, including ornidazole
and epichlorohydrin (ECH), were reduced and that treatment
of animals with these chemicals lead to infertility.'” 2 The
effects of these chemicals on the AR, however, have not been
investigated. Nawata and his colleagues, on the other hand,
reported that both OHF, an anti-androgen agent, and andro-
gen-antagonists, including OHEF, vinclozolin, p,p’-DDE and
nitrofen, repressed AR transcription activity in monkey Cos7
cells by abrogation of the proper localization of the AR in the
nuclei.'® The effects of these chemicals on DJ-1, however,
have not been investigated. To first examine or confirm the
effects of these chemicals on AR transcription activity, Cos7
cells were transfected with pARE2-TATA-Luc as a reporter
and with pcDNA3-F-AR in the presence of 10 *m testos-
terone. The plasmid pCMV-f-gal was also cotransfected into
cells to normalize the transfection efficiency. Chemicals were
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added to cells for 12h from 36h to 48 h after transfection,
and then cell lysates were prepared and their luciferase activ-
ities were measured (Fig. 1). The results showed that ethanol,
which had been used to dissolve the chemicals, had no effect
but that OHF, an anti-androgen used as a positive control, re-
pressed the AR transcription activity in a dose-dependent
manner and that 10~°m OHF repressed the AR activity to
14.9% of that without OHF (Fig. 1A). Tamoxifen, an anti-es-
trogen and very weak anti-androgen agent, was found to re-
press, to some extent, the AR activity. The three chemicals
vinclozolin, p,p’-DDE and nitrofen, which have been identi-
fied as endocrine-disrupting (ED) chemicals, were found to
repress the AR transcription activity in a dose-dependent
manner as previously described (Fig. 1A).'¥ Ornidazole and
ECH, on the other hand, were also found to repress AR tran-
scription activity in a dose-dependent manner, and 10 °m
ornidazole and ECH repressed AR activities to 25.9% and
28.8%, respectively, of those without chemicals (Fig. 1B).
These results indicate that ornidazole and ECH can be classi-
fied as androgen antagonists.

It has been reported that the AR was localized in the nu-
cleus as a dot-like spot and that this localization was dis-
rupted by chemicals used in the experiment for which the re-
sults are shown in Fig. 1A.'Y To determine the localization of
the AR and DJ-1 in cells exposed to these chemicals, mon-
key Cos7 cells were transfected and treated with chemicals
under exactly the same conditions as those in the experi-
ments on AR transcription activity as shown in Fig. 1. Two
days after transfection, the cells were stained with anti-FLAG
and anti-DJ-1 antibodies, and the proteins were detected by
rhodamine- and FITC-conjugated secondary antibodies, re-
spectively, and then visualized under a confocal laser micro-
scope (Fig. 2). Three independent experiments were carried
out and the typical results were shown. Endogenous DJ-1
(green) and the AR (red) were found to be localized in nuclei
as dot-like spots and that these two proteins were co-local-
ized as shown by the yellow color in a merged figure (Fig. 2,
Merge). Cell nuclei were identified by DAPI staining (data
not shown). Although the number of dots in the nuclei of
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(A) Cos7 cells were transfected with an expression vector for FLAG-AR together with pARE,-TATA-Luc, a reporter plasmid for AR transcription activity. At 36 to 48 h after
transfection, 1077 or 10~°m OHEF, tamoxifen, vinclozolin, p,p’-DDE and nitrofen were added to the cells, and then cell extracts were prepared and the luciferase activity was mea-
sured as described in Experimental procedures. (B) Cos7 cells were transfected with DNAs and treated with 10”7 or 10 °m ornidazole and ECH under exactly the same conditions

as those described in (A), and the luciferase activities were measured as in (A).
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Fig. 2. Abrogation of Co-localization of DJ-1 with
the AR by an Anti-androgen Agent or Androgen An-
tagonists

Cos7 cells were transfected with an expression vector for
FLAG-AR together with pARE,-TATA-Luc, a reporter plas-
mid for the AR transcription activity. At 36 to 48 h after trans-
fection, 107°m OHF, tamoxifen, vinclozolin, p,p’-DDE and
nitrofen were added to the cells. The cells were then fixed, re-
acted with an anti-FLAG monoclonal antibody (M2, Sigma)
and an anti-DJ-1 polyclonal antibody,” and visualized with a
rhodamine-conjugated anti-mouse IgG and an FITC-conju-
gated anti-rabbit IgG, respectively. The two figures have been
merged. The average AR activities determined by the lu-
ciferase assay as described in the legend to Fig. 1 are indi-
cated on the right sides of the figures.

Fig. 3. Abrogation of Co-localization of
DJ-1 with the AR by Ornidazole and ECH
Cos7 cells were transfected with an expression

vector for FLAG-AR together with pARE,-TATA-
Luc, a reporter plasmid for the AR transcription

(106m) 20.4
Nitrofen
(10-6m) 25.4
AR activity
100
Ornidazole
(10-6m)

ECH
(10-6m)

DHT(10-8M)

25 9 activity. At 36 to 48h after transfection, 10 °wm

ornidazole and ECH were added to the cells. The
cells were then fixed, reacted with an anti-FLAG
monoclonal antibody (M2, Sigma) and an anti-DJ-1
polyclonal antibody,"” and visualized with a rho-
damine-conjugated anti-mouse IgG and an FITC-
conjugated anti-rabbit IgG, respectively. The two
figures have been merged. The average AR activi-
ties determined by the luciferase assay as described
in the legend to Fig. 1 are indicated on the right

28.8 sides of the figures.
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cells treated with 107%™ tamoxifen decreased, DJ-1 and the
AR were found to be still co-localized. In cells treated with
10~®m OHF, vinclozolin and nitrofen, the localization of the
AR changed from dot-like spots to diffuse spaces in the nu-
cleus as described previously.'¥ The localization of DJ-1 in
cells treated with these chemicals, on the other hand, was
found to be dramatically changed; both OHF and nitrofen
pushed DJ-1 into the cytoplasm and co-localization of the
AR with DJ-1 was abrogated; p,p’-DDE localized DJ-1 to
the diffuse spaces in the nucleus but these proteins were still
co-localized. These results suggest that the proper localiza-
tion of the AR in the nucleus as dot-like spots is not suffi-
cient for the AR to exert its full transcription activity and that
co-localization of the AR with DJ-1 is important.

These possibilities were supported by the results of experi-
ments in which Cos7 cells were treated with 10~®m ornida-
zole and ECH, and the typical results were shown of three in-
dependent experiments (Fig. 3). Although these two chemi-
cals repressed the AR transcription activities to degrees simi-
lar to those with OHF, nitrofen and p,p’-DDE, the AR was
found to be still localized as dot-like spots in the nucleus.
Localizations of DJ-1, on the other hand, were changed to the
cytoplasm or both the cytoplasm and the diffuse spaces in the
nuclei of cells treated with ornidazole or ECH, respectively,
thereby resulting in loss of co-localization of the AR with
DJ-1 (Fig. 3). Since the transfection efficiency of plasmids
into the cells were 10—20% and almost all of the cells trans-
fected showed the tendency of the localization of DJ-1 and
the AR, these results clearly indicate that the co-localization
of the AR with DJ-1 as dot-like spots in the nucleus is essen-
tial for the AR to exert its full transcription activity.

Several studies have shown that the AR is complexed with
other proteins, including coactivators and corepressors and
that the proper localization of the AR with these proteins in
the nucleus is necessary for its transcription activity.
TIF2/GRIP and SRCI of p160 cofactors and CBP of a gen-
eral coactivator were found to be co-localized with the AR as
dot-like spots in the nucleus, and abrogation of this localiza-
tion of the AR with an anti-androgen agent or androgen
antagonists led to the repression of AR transcription activ-
ity.">'¥ We reported that DJ-1 played a role as a positive
regulator of the suppressed AR but did not respond to the AR
that had already been activated.” In this study, we further
characterized the relationship between DJ-1 and the AR by
using chemicals as tools, and we found that ornidazole and
ECH, which are known to be sperm or epididymis toxicants,
also repressed AR transcription activity to the degrees simi-
lar to those of other androgen antagonists, thereby indicating
that they can be classified as androgen antagonists. While
OHEF, vinclozolin, p,p’-DDE and nitrofen changed the local-
ization of the AR to diffuse spaces in the nucleus, ornidazole
and ECH kept the AR in dot-like spots in the nucleus. More-
over, the AR was co-localized with DJ-1 in diffuse spaces but
not in dot-like spots in the nucleus in cells treated with vin-
clozolin and p,p’-DDE, and other chemicals were found to
localize DJ-1 to the cytoplasm, thereby resulting in a loss of
co-localization of DJ-1 with the AR. These results clearly in-
dicate that the localization of the AR in dot-like spots in the
nucleus is not sufficient and that the co-localization with DJ-
1 in proper compartments in the nucleus is necessary for the
AR to exert its full transcription activity, at least in these sys-
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tems. What are the mechanisms of translocation of DJ-1
from the nucleus to the cytoplasm? DJ-1 has been reported to
be induced in cells treated with paraquat or lipopolysaccha-
ride, which induce the production of activated oxygen
species,?*?!) and DJ-1 was strongly expressed and secreted
from cells to serum in about half of breast cancer patients.??
Since some chemicals are known to induce the production of
activated oxygen species in cells, it is possible that the chem-
icals used in this study also produce the activated oxygen
species, leading to a change in the components of the DJ-
I—protein complex that determine the localization of DJ-1 in
cells. Alternatively, proteins associated with DJ-1, which de-
termines the localization of DJ-1 in cells, may change adter
treatment of the chemicals.

Taken together, our findings indicate that DJ-1 is an essen-
tial component in determination of AR activity.

Acknowledgments We thank Yoko Misawa and Kiyomi
Takaya for their technical assistance. This work was sup-
ported by grants-in-aid from the Ministry of Education, Cul-
ture, Sports, Science and Technology of Japan.

REFERENCES

[

) Nagakubo D., Taira T., Kitaura H., Ikeda M., Tamai K., Iguchi-Ariga
S. M. M., Ariga H., Biochem. Biophys. Res. Commun., 231, 509—513
(1997).

2) Taira T., Takahashi K., Kitagawa R., Iguchi-Ariga S. M. M., Ariga H.,
Gene, 263, 285—292 (2001).

3) Takahashi K., Taira T., Niki T., Seino C., Iguchi-Ariga S. M. M., Ariga
H., J. Biol. Chem., 276, 37556—37563 (2001).

4) Niki T., Takahashi-Niki K., Taira T., Iguchi-Ariga S. M. M., Ariga H.,
Mol. Cancer Res., 1,247—261 (2003).

5) Moilanen A. M., Karvonen U., Poukka H., Yan W., Toppari J., Janne O.
A., Palvimo J. 1., J. Biol. Chem., 274, 3700—3704 (1999).

6) Kotaja N., Aittomaki S., Silvennoinen O., Palvimo J. J., Janne O. A.,
Mol. Endocrinol., 14, 1986—2000 (2000).

7) Quigley C. A., De Bellis A., Marschke K. B., el-Awady M. K., Wilson
E. M., French E. S., Endocr. Rev., 16, 271—321 (1995).

8) Brown T. R.,J Androl., 16, 299—303 (1995).

9) McPhaul M. J., Marcelli M., Zoppi S., Griffin J. E., Wilson J. D., J
Clin. Endocrinol. Metab., 76, 17—23 (1993).

10) Yong E. L., Ghadessy F., Wang Q., Mifsud A., Ng S. C., Rev. Reprod.,
3, 141—144 (1998).

11) Janne O. A., Moilanen A. M., Poukka H., Rouleau N., Karvonen U.,
Kotaja N., Hakli M., Palvimo J. J., Biochem. Soc. Trans., 28, 401—405
(2000).

12) Saitoh M., Takayanagi R., Goto K., Fukamizu A., Tomura A., Yanase
T., Nawata H., Mol. Endocrinol., 16, 694—706 (2002).

13) Karvonen U., Janne O. A., Palvimo J. J., FEBS Lett., 523, 43—47
(2002).

14) Tomura A., Goto K., Morinaga H., Nomura M., Okabe T., Yanase T.,
Takayanagi R., Nawata H., J Biol. Chem., 276, 28395—28401 (2001).

15) Graham F. J., Van der Eb A. J., Virology, 52, 456—467 (1973).

16) Klinefelter G. R., Laskey J. W., Ferrell J., Suarez J. D., Roberts N. L.,
J. Androl., 18, 139—150 (1997).

17) Wagenfeld A., Yeung C. H., Strupat K., Cooper T. G., Biol. Reprod.,
58, 1257—1265 (1998).

18) Wagenfeld A., Gromoll J., Cooper T. G., Biochem. Biophys. Res. Com-
mun., 251, 545—549 (1998).

19) Welch J. E., Barbee R. R., Roberts N. L., Suarez J. D., Klinefelter G.
R., J Androl., 19, 85—93 (1998).

20) Mitsumoto A., Nakagawa Y., Takeuchi A., Okawa K., Iwamatsu A.,
Takanezawa Y., Free Radic. Res., 35,301—310 (2001).

21) Mitsumoto A., Nakagawa Y., Free Radic. Res., 35, 885—893 (2001).

22) Le Naour E, Misek D. E., Krause M. C., Deneux L., Giordano T. J.,

Scholl S., Hanash S. M., Clin. Cancer Res., 7, 3328—3335 (2001).



