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Protein inhibitor of activated STAT3 (PIAS3) is a
pecific inhibitor of signal transducer and activator of
ranscription 3 (STAT3). PIAS3 binds to STAT3 and
nhibits its DNA-binding activity, and thereby STAT3-

ediated gene activation. PIAS1, another member of
he PIAS family, was recently shown to interact with
he androgen receptor (AR), a nuclear hormone recep-
or that has an important role in both physiological
nd pathological processes, and acts as a cofactor for
R. Here we demonstrate that PIAS3 is expressed in
rostate cancer cells and its expression is induced in
esponse to dihydrotestosterone (DHT) treatment. Ec-
opic overexpression of PIAS3 suppressed AR-
ediated gene activation induced by DHT-stimulation

n LNCaP cells. We provide evidence that these activ-
ties were due to direct physical interactions between
IAS3 and AR. These results indicate that PIAS3 acts
s a coregulator of AR signaling pathway in prostate
ancer cells. © 2000 Academic Press

Key Words: protein inhibitor of activated STAT3
PIAS3); androgen receptor (AR); cofactor.

Protein inhibitor of activated STAT3 (PIAS3) was
riginally identified as a specific inhibitor of signal
ransducer and activator of transcription 3 (STAT3).
TAT3 is mainly activated by IL-6 family of cyto-
ines, epidermal growth factor, and leptin (1– 4).
ike other members of the STAT family, STAT3 is
yrosine-phosphorylated by Jak kinases, upon which
t forms a dimer and translocates into the nucleus to
ctivate target genes (2, 3). PIAS3 binds to STAT3
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nterferes with STAT3-mediated gene activation. Al-
hough STAT1 is also phosphorylated and activated
y IL-6, PIAS3 does not bind to or alter the function
f STAT1 (5, 6). PIAS1, another member of PIAS
amily, was originally identified as an inhibitor of
TAT1 (7). PIAS1 was recently identified as an an-
rogen receptor (AR) interacting protein isolated
rom a HeLa cell cDNA library by the yeast two
ybrid assay (8); PIAS functions as a transcriptional
oactivator for AR and the glucocorticoid receptor
GR), but serves as a corepressor for the progester-
ne receptor (PR) (8).
Other coregulators of AR, a member of the nuclear

eceptor superfamily, along with GR and PR, have
een identified (9–12). Recently, a testis-specific AR
oregulator, AR interacting protein 3 (ARIP3), was
dentified that interacted with the DNA binding do-

ain of AR and modulated AR-dependent transcrip-
ion. Interestingly, ARIP3 is highly homologous to
IAS3 and Gu/RH-II binding protein (GBP) (12), rais-

ng a possibility that this new family of proteins may
idely be involved in the regulation of AR function.
In this study, we report that PIAS3 expression is

nduced by androgens in prostate cancer cells. Further-
ore, we provide an evidence that PIAS3 acts as a

oregulator of AR in prostate cancer cells.

ATERIALS AND METHODS

Reagents and antibodies. Dihydrotestosterone (DHT) was pur-
hased from Wako Chemicals (Osaka, Japan). Human recombinant
IF was purchased from INTERGEN (Purchase, NY). STAT3-LUC

14), 2285PB-LUC (15), and FLAG-tagged PIAS3 (5) were kindly
rovided by Dr. T. Hirano (Osaka Univ., Osaka, Japan), Dr. J.
alvimo (University of Helsinki, Finland), and Dr. Ke Shuai (UCLA),
espectively. C-terminal deletion mutants of AR have previously
een described (16). Anti-PIAS3 and anti-AR antibodies were pur-
hased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-FLAG
2 antiserum was purchased from Upstate Biotechnology (Lake
lacid, NY).
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



Cell culture, transfections, and luciferase assays. Human pros-
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ate carcinoma cell line LNCaP was maintained as described (17).
efore stimulation, the cells were maintained for 24 h in RPMI
640 containing 2% TCM (ICN) followed by treatment with DHT.
NCaP cells (2–2.5 3 105 in a 6-cm dish) were transfected by
sing LipoTAXI (Stratagene) following the manufacturer’s in-
tructions. 293T cells were transfected in DMEM containing 1%
CS by the standard calcium precipitation protocol. The cells were
arvested 48 h after transfection and lysed in 200 ml of PicaGene
eporter Lysis Buffer (Toyo Ink, Tokyo, Japan) and assayed for

uciferase and b-galactosidase activities according to the manu-
acturer’s instructions. Luciferase activities were normalized to
he b-galactosidase activities. Since 293T cell line is a very useful
ell lines for transfections of various plasmid DNAs with ex-
remely high transfection efficiency, we used 293T cells for a
etection of PIAS3 protein (as a size marker of PIAS3) in Fig. 1A,
or testing whether PIAS3 inhibits LIF-induced STAT3 activation
n Fig. 2A, and finally for verifying the physical interaction of AR
nd STAT3 in Fig. 3.

Northern analysis. LNCaP cells were maintained as described
bove. After serum starvation, LNCaP cells (1 3 107) were treated
ith DHT (1028 M) for 3 or 6 h. Total RNAs were prepared by using

so-Gen (Nippon Gene) and used in Northern analysis according to
he established procedures. A nylon membrane (GeneScreen, NEN
ife Science Products) and 32P-labelled cDNA probes, as indicated,
ere used.

Immunoprecipitation and immunoblotting. Immunoprecipita-
ion and Western blotting were performed as described previously
18). Briefly, the transfected 293T cells were lysed in lysis buffer (50
M Tris–HCl, pH 7.4, 0.3 M NaCl, containing 1% Triton X-100, 10%

lycerol, 1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl
uoride, and 10 mg/ml each of aprotinin, pepstatin, and leupeptin).
ell lysates were immunoprecipitated with either anti-AR antibody

Santa Cruz) or anti-FLAG M2 antibody (Upstate Biotechnology).
he immunoprecipitates from cell lysates were resolved on 5–20%
DS–PAGE and transferred to Immobilon membrane (Millipore,
edford, MA). The membranes were then probed with each antibody
s indicated. Immunoreactive proteins were visualized using an
nhanced chemiluminescence detection system (Amersham Pharma-
ia Biotech).

ESULTS AND DISCUSSION

IAS3 Is Expressed and Induced in Response to
Androgens in a Prostate Carcinoma Cell Line

Since one of AR cofactors ARIP3 was found to be
ighly similar to PIAS3 (13), we assessed the possi-
ility that PIAS3 can also serve as a cofactor for AR.
o that end, we first examined if PIAS3 is expressed

n an AR-positive prostate cancer cell line, LNCaP.
estern analysis on whole cell extracts of LNCaP
ith a PIAS3-specific antibody showed that PIAS3
as expressed in LNCaP cells at a low level and its
xpression is induced approximately twofold in re-
ponse to dihydrotestosterone (DHT) treatment (Fig.
A). The PIAS3 band in LNCaP was similar in mi-
ration compared with PIAS3 that was ectopically
xpressed in a human embryonic kidney carcinoma
ell line, 293T.
In order to clarify if the DHT-induced increase in

IAS3 expression is mediated on the mRNA level in
NCaP cells, total RNA was prepared from LNCaP
ells that had been incubated with or without DHT and
10
orthern analysis was performed. As shown in Fig. 1B,
he level of PIAS3 mRNA expression increased 1.5-fold
t 3 h, fivefold at 6 h, and did not alter until at least
4 h. The similar change of mRNA expression level
fter DHT-stimulation was observed in the previously
haracterized AR-responsive genes, such as tissue kal-
ikrein 4 (KLK4/ARM-1) (19, 20), prostate-specific ho-

eobox gene NKX3.1 (21), and prostate specific anti-
en (PSA) (17). These results indicate that PIAS3 is an
ndrogen-inducible gene in a prostate cancer cell line,
NCaP.

IAS3 Inhibits AR-Mediated Transcription

Recently, studies demonstrated that PIAS1, another
ember of PIAS family, directly binds to AR and en-

anced its transcriptional activity (8). To examine

FIG. 1. Induction of PIAS3mRNA by DHT in LNCaP cells. Total
ell lysates (20 mg) of LNCaP left untreated and treated with
HT(1028 M) for 12 h were blotted with anti-PIAS3. Total lysates (20
g) from PIAS3-transfected 293T cells were also blotted with anti-
IAS3. (A) Induction of PIAS (upper panel) and Nkx3.1, KLK4/
RM-1 and PSA (middle panel) mRNAs by DHT in LNCaP cells.
orthern blot analysis of 20 mg of total RNA from LNCaP cells

reated with DHT (1028 M) for the indicated time. Glyceraldehyde-
-phosphate dehydrogenase (G3PDH) mRNA is included as a loading
ontrol (lower panel).
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hether PIAS3 has any effect on the transcriptional
ctivity of AR, we carried out transient transfection
ssays.
First, we examined whether PIAS3 can inhibit Leu-

emia Inhibitory factor (LIF)-induced STAT3 activa-
ion in 293T cells. STAT3-LUC, in which the a2-
acroglobulin promoter drives expression of the LUC

ene (14) was transfected into 293T cells in the pres-
nce of increasing amounts of PIAS3, cells were stim-
lated with LIF, and LUC activities were determined.
s shown in Fig. 2A, LIF-induced STAT3 activation
as inhibited by the expression of PIAS3 in a dose-
ependent manner, the result being in accordance with
hat previously reported (5).

AR activity was monitored by 2285PB-LUC in which
deletion derivative of the probasin promoter se-

uences drive expression of the LUC gene (15). In
NCaP cells, 2285PB-LUC activity increased in a
ose-dependent manner upon stimulation of DHT as
xpected. When we overexpressed PIAS3 in LNCaP
ells, DHT-induced 2285PB-LUC activation was in-
ibited in a dose-dependent manner (Fig. 2B).
To confirm this finding, the same experiment was

erformed with 23ARE-LUC reporter in which two
opies of an androgen response element (ARE) drive
xpression of the LUC gene (16). As shown in Fig. 2C,
n accordance with the data obtained with 2285PB-
UC, PIAS3 also inhibited DHT-induced 23ARE-LUC
ctivation in a dose-dependent manner. These results
ndicate that PIAS3 acts as negative regulator of AR in

prostate carcinoma cell line.

FIG. 2. PIAS3 regulates AR-dependent transcriptional activation
ith or without 2285PB-LUC (1 mg) reporter (1 mg) (A) or 2 3 ARE

onstruct or the pCMV empty vector, and then stimulated with DHT
or an additional 12 h. 293T cells in 6-cm dishes were transfected
onstruct (1 mg) or the empty pCMV (1 mg), and then stimulated w
arvested and relative luciferase activity was measured. The results
xperiments, and the error bars represent the standard deviations.
11
TAT3 and AR Physically Interact in Vivo

It was reported that PIAS3 inhibits STAT3 activa-
ion by a direct protein–protein interaction (5). To test
possibility that PIAS3 inhibits AR-induced gene ac-

ivation in a similar protein–protein interaction fash-
on, we performed co-immunoprecipitation experi-

ents. First, expression vectors encoding wild-type AR
nd FLAG-tagged PIAS3 were transiently transfected
nto 293T cells. Then the transfected cells were incu-
ated with DHT and their cell lysate were immunopre-
ipitated with either an anti-AR monoclonal antibody
r anti-FLAG antibody, followed by immunoblot anal-
sis using the antibodies as indicated. As shown in Fig.
A, AR and PIAS3 were found to be in a complex
egardless of which one was immunoprecipitated first.
To delineate the domains in the AR that mediate the

rotein–protein interactions between PIAS3 and AR,
oimmunoprecipitation experiments were performed
ith a series of mutant AR proteins. It was previously

hown that the deletion mutants AR(1-566), AR(1-
03), and AR(1-333) did not significantly stimulate
285PB-LUC, because they lack a functional DNA-
inding domain, whereas wild-type AR and AR(1-714)
re efficient activators of 2285PB-LUC (16). As shown
n Fig. 3B, when most of the ligand-binding domain or
he DNA-binding domain was deleted, AR still inter-
cted with PIAS3.
However, AR(1-333), which encodes only part of the
-terminal domain, did not interact with PIAS3. These
ata suggest that an intact N-terminus is required for
R to interact with PIAS3.

DHT in LNCaP cells. LNCaP cells in 6-cm dishes were transfected
C (1 mg) reporter (1 mg) (B) together with either PIAS3 expression

ndicated. Forty-eight hours after transfection, cells were stimulated
h STAT3-LUC reporter (1 mg) (A) together with PIAS3 expression

LIF as indicated. Forty-eight hours after transfection, cells were
presented as the fold induction of luciferase activity from triplicate
by
-LU
as i
wit
ith
are
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PIAS1 is shown to be a transcriptional coactivator
or AR and GR, but it was also reported to be a core-
ressor for PR shown by cotransfection assays using
onkey kidney CV1 cells. Whether PIAS1 can act as a

ofactor for these receptors in cells that express these
eceptors, such as prostate cancer cell line LNCaP for
R and HeLa cells for GR, was not determined.
Regarding the involvement of STAT3 in this system,

ur present data show that the ectopic expression of
IAS3 suppressed the DHT-induced gene activation by
R in LNCaP, and that there is a physical interaction of
IAS3 and AR when these two molecules were expressed

n 293T. In these systems, STAT3 activation signal was
ot delivered from either JAKs or LIF. Thus, the involve-
ent of activated STAT3 in the present study is not

robable. However, this does not rule out a possibility
hat endogenous activated STAT3 in these cell lines is
nvolved in inhibition of DHT-induced AR gene activation
y PIAS3 as well as the interaction of AR and PIAS3. To
rove this possibility, coimmunoprecipitation of STAT3
nd AR using anti-STAT3 and anti-AR in STAT3- and
R-expressed 293T cells has been done, but we have no
efinite data showing that STAT3 and AR form a com-

FIG. 3. PIAS3 and AR form a complex. (A) 293T cells were transfe
fter transfection, cells were treated with DHT (1028 M) for 12 h.
nti-FLAG M2 (upper panel) or anti-AR (lower panel). (B) Mapping
he location of mutant fragments are schematically shown. The D
ndicated. 293T cells were transfected with a series of AR mutan
recipitation method. Forty-eight hours after transfection, cells w
mmunoprecipitated and immunoblotted with anti-FLAG M2. Tota
nti-FLAG M2 were blotted with anti-AR (middle panel). The blot was
ndicate the migration position of the wild-type AR or of the deletion
12
lex in this lysis buffer conditions, in which PIAS3 and
R form a complex (data not shown).
In this report, we demonstrated that PIAS3 binds to

R directly and inhibits its transcriptional activity in a
ransient transfection assay. Furthermore, PIAS3 mRNA
ccumulation was induced by androgen treatment in a
rostate carcinoma cell line. Taken together, these re-
ults demonstrate that PIAS3 is an androgen-dependent
ene and acts a negative regulator of AR signaling in a
rostate cancer cell line. This is expected to form an
uto-regulatory feedback loop where androgenic induc-
ion of PIAS3 would inhibit AR function. The possible
hysiological significance of this mechanism in androgen
ction, e.g., in prostate cancer cells, remains to be stud-
ed. Understanding the details of the interactions be-
ween PIAS3 and AR would be important since this may
rovide new mechanisms that can be the basis for new
rug development for prostate cancer.
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