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Although transforming growth factor-b (TGF-b) has been identi-
fied to mainly inhibit cell growth, the correlation of elevated TGF-b
with increasing serum prostate-specific antigen (PSA) levels in
metastatic stages of prostate cancer has also been well docu-
mented. The molecular mechanism for these two contrasting
effects of TGF-b, however, remains unclear. Here we report that
Smad3, a downstream mediator of the TGF-b signaling pathway,
functions as a coregulator to enhance androgen receptor (AR)-
mediated transactivation. Compared with the wild-type AR, Smad3
acts as a strong coregulator in the presence of 1 nM 5a-dihydrotes-
tosterone, 10 nM 17b-estradiol, or 1 mM hydroxyflutamide for the
LNCaP mutant AR (mtAR T877A), found in many prostate tumor
patients. We further showed that endogenous PSA expression in
LNCaP cells can be induced by 5a-dihydrotestosterone, and the
addition of the Smad3 further induces PSA expression. Together,
our findings establish Smad3 as an important coregulator for the
androgen-signaling pathway and provide a possible explanation
for the positive role of TGF-b in androgen-promoted prostate
cancer growth.

Androgen action controls the development and proper func-
tioning of the male reproductive system, including the

prostate and the epididymis (1), as well as many nonreproductive
systems, such as muscle, skin, hair follicles, and the brain. The
androgen receptor (AR), a member of the steroid receptor
superfamily, functions as an androgen-dependent transcriptional
regulator (2). After binding to ligand, the activated AR is able
to recognize palindromic DNA sequences, called androgen
response elements (AREs), and form a complex with AR-
associated proteins to induce the expression of AR target genes.
Several AR coregulators, androgen receptor-associated proteins
(ARAs) such as ARA24, ARA54, ARA55, ARA70, ARA160,
Rb, and TIFIIH, have been isolated and characterized (3–10).
Results from these studies suggest that coregulators not only can
enhance AR transactivation, but may also be able to increase the
agonist activity of antiandrogens and 17-b estradiol (E2) in
prostate cancer DU145 cells.

Transforming growth factor b (TGF-b) signaling is mediated
through two types of transmembrane serineythreonine kinase
receptors (11). Upon binding to TGF-b, the type II TGF-b
receptor (TbRII) forms a heteromeric complex with the type I
TGF-b receptor (TbRI), resulting in the phosphorylation and
activation of TbRI (12). The activated TbRI then interacts with
an adaptor protein SARA (Smad anchor for receptor activation)
(13), which propagates signals to intracellular signaling media-
tors known as Smad2 and Smad3 (14). After association with
Smad4, the Smad complexes translocate to the nucleus, where
they activate specific target genes through cooperative interac-
tions with DNA and other DNA-binding proteins such as FAST1
and FosyJun (AP-1) (15, 16).

TGF-b plays a dual role in tumorigenesis. On the one hand,
TGF-b inhibits the growth of normal epithelial and endothelial
cells (17) and induces cell-cycle inhibitors such as p15INK4B and
p21WAF1/CIP (18, 19). On the other hand, TGF-b can accelerate
the malignant process during late stages of tumorigenesis (20,
21). TGF-b is abundantly expressed in various tumors of epi-
thelial origin (22) in which it can suppress immune surveillance
(23), facilitate tumor invasion (21), and promote the develop-
ment of metastases (24). The study of TGF-b expression indi-
cates that it may be involved in the development of prostate
cancer in animal models (25). Moreover, plasma TGF-b was
significantly elevated in patients with clinically evident metas-
tases and correlated with increasing serum prostate-specific
antigen (PSA) levels (26, 27). The detailed mechanism for the
relationship between TGF-b signaling and PSA in prostate
carcinogenesis, however, remains unclear. Here we report that
TGF-b can enhance AR-mediated transactivation via the inter-
action of AR and Smad3 in two prostate cancer cell lines, DU145
and PC-3. We further showed that endogenous PSA expression
in LNCaP cells can be induced by 5a-dihydrotestosterone
(DHT), and the addition of the Smad3 further induces the PSA
expression levels. These findings provide linkage between two
signaling pathways at the levels of androgen-AR and
TGF-bySmad3, which may play an important role in prostate
tumorigenesis.

Materials and Methods
Chemicals and Plasmids. DHT, dexamethasone, progesterone, and
E2 were obtained from Sigma, and hydroxyflutamide (HF) was
from Schering. pSG5 wild-type AR (wtAR), pCMV-AR, and
pCMV-mtARt877a (mutant AR derived from the prostate cancers,
codon 877 mutation threonine to alanine) were used in our
previous report (4). Expression plasmids for glutathione S-
transferase (GST)-Smad3 and full-length cDNAs of human Smad3
were kindly provided by Rik Derynck (Univ. of California, San
Francisco) (28). TbRI, TbRII receptors and constitutively active
TGF-b type I receptor (TbRI-T204D) expression vectors were
provided by Jeffery L. Wrana (Univ. of Toronto) (12).
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Cell Culture and Transfections. Human prostate cancer DU145 cells
and PC-3 cells were maintained in DMEM containing penicillin
(25 unitsyml), streptomycin (25 mgyml), and 5% FCS. Trans-
fections were performed with the calcium phosphate precipita-
tion method, and cells were harvested after 24 h for the
chloramphenicol acetyltransferase (CAT) assay, as described
previously (5). The CAT activity was visualized and quantitated
with STORM 840 (Molecular Dynamics). At least three indepen-
dent experiments were carried out in each case. The SW480.7
cells and PC3 (AR)2 cells are gifts from Eric J. Stanbridge and
T. J. Brown (Univ. of California, Irvine).

GST Pull-Down Assay. Fusion proteins of GST-Smad3 and GST-
AR, and GST protein alone were obtained by transforming
expressing plasmids into BL21 (DE3) pLysS strain-competent
cells followed with 1 mM isopropyl b-D-thiogalactoside induc-
tion. GST fusion proteins then were purified by glutathione-
Sepharose 4B (Amersham Pharmacia). The AR and Smad3
proteins labeled with 35S were generated in vitro with the
TNT-coupled reticulocyte lysate system (Promega). For the in
vitro interaction, the glutathione-Sepharose bound GST proteins
were mixed with 5 ml of 35S-labeled TNT proteins in the presence
or absence of 1 mM DHT at 4°C for 3 h. The bound proteins were
separated on an 8% SDS-polyacrylamide gel and visualized by
PhosphorImager (Molecular Dynamics).

Mammalian Two-Hybrid Assay. The mammalian two-hybrid system
mainly followed the protocol of CLONTECH, with some mod-
ifications. Human prostate cancer DU145 cells were transiently
cotransfected with Gal4-Smad3 expression plasmid, VP16-AR
expression plasmid, and pG5CAT reporter plasmid in the pres-
ence or absence of 10 nM DHT. CAT assays were performed as
described above.

Coimmunoprecipitation of AR and Smads. PC-3 cells were cotrans-
fected with AR and FLAG-Smad3 for 16 h and then treated with
vehicle or 10 nM DHT for another 16 h. PC3(AR)2 cells were
treated with vehicle or 10 nM DHT for16 h. The cells were lysed
and incubated with monoclonal anti-FLAG antibody (Sigma),
polyclonal Smad3 antibody (Santa Cruz Biotechnology), or

control IgG at 4°C for 2 h, depending on the experimental design,
followed by the addition of protein AyG beads (Santa Cruz
Biotechnology) for 1 h at 4°C. The bound proteins were sepa-
rated on an 8% SDS-polyacrylamide gel and blotted with
polyclonal AR antibody (NH27), Smad3 antibody, or anti-FLAG
antibody. The bands were detected with an alkaline phosphatase
detection kit (Bio-Rad).

Northern Blot Analysis. The blot containing approximately 20 mg
of total RNA from LNCaP cells was transfected with Smad3 for
16 h, followed by DHT treatment for another 16 h. PSA
expression level was determined by hybridizing with a probe
from exon 1 of the PSA gene and labeled with [a-32P]dCTP. A
b-actin probe was used as a control for equivalent RNA loading.

Results
Enhancement of AR-Mediated Transactivation by TGF-b in Different
Prostate Cancer Cells. To study the potential correlation between
androgen and TGF-b in prostate cancer cells, we first choose
TGF-b-responsive prostate cancer DU145 and PC-3 cells to
examine the effect of TGF-b on androgen-induced mouse
mammary tumor virus (MMTV) promoter activity. Activation of
MMTV-CAT activity was achieved by transient transfection of
AR in the presence of 1028 M DHT (Fig. 1A, Lanes 1–3), and
this AR-mediated transactivation was enhanced by the addition
of TGF-b in DU145 cells (Fig. 1 A, Lane 3 vs. Lane 5).
Furthermore, this induction was partially blocked by adding
TGF-b-specific neutralizing antibody (Fig. 1 A, Lane 5 vs. Lane
6). Similar results were obtained with PC-3 cells, where AR-
mediated transactivation was enhanced by TGF-b (Fig. 1B, Lane
2 vs. Lanes 3–5) and suppressed by the TGF-b-specific neutral-
izing antibody (Fig. 1B, Lane 6 vs. Lanes 7–10), both in a
dose-dependent manner (Fig. 1B). Because Western blot anal-
ysis indicated that PC-3 cells stably transfected with AR, PC-
3(AR)2, express similar amounts of AR as compared with
LNCaP cells and the increased AR-mediated transactivation by
TGF-b did not change the expression level of AR (data not
shown), we further examined the effect of TGF-b receptors in
PC-3(AR)2. As shown in Fig. 1C, in the presence or absence of
androgen, TbRI or TbRII receptor alone has a marginal effect

Fig. 1. The ligand-induced transactivation of AR is enhanced by treatment with TGF-b. (A) CAT assays were performed with extracts from DU145 cells
transfected with AR expression vector (pSG5-AR) (1 mg) in the presence (1) or absence (2) of DHT (1028 M) or TGF-b1 (10 ngyml) or specific TGF-b1 neutralizing
antibody (20 mgyml). (B) (Left) PC-3 cells were transfected with pSG5-AR (1 mg) in the presence (1) or absence (2) of DHT (1028 M) with increasing amounts of
TGF-b1. (Right) A fixed amount of TGF-b1 (10 ngyml) was added to transfected PC-3 cells with increasing amounts of specific TGF-b1 neutralizing antibody. (C)
PC-3(AR)2 cells stably transfected with AR were overexpressed with TGF-b type I (TbRI) or type II (TbRII) receptor or constitutively active TGF-b type I receptor
(TbRI-T204D) as indicated. Three micrograms of MMTV-CAT or MMTV-Luc was used as a reporter plasmid in all experiments. All values represent the averages
6 SD of four independent experiments.
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on AR-mediated transactivation. However, coexpression of
TbRI and TbRII receptor or constitutively active TGF-b type I
receptor (TbRI-T204D) could further enhance AR transactiva-
tion in the presence of DHT. Taken together, these data suggest
that TGF-b may be able to cross-talk with the androgenyAR
pathway without altering the expression of AR.

Association Between AR and Smad3 in Vitro and in Vivo. Next, we
examined the possibility of interaction between AR and Smad3,
the mediator of TGF-b signaling. We first applied the mamma-
lian two-hybrid assay in SW480.7 cells that lack Smad4 but still
express Smad1 and Smad3 (29). The results show that DHT, at
concentrations greater than 1 nM, promotes the interaction
between Smad3 and AR (Fig. 2A, lane 7), indicating that Smad3
is sufficient to interact with AR. To further explore the mech-
anism underlying this association between AR and Smad3, we
treated prostate DU145 cells with TGF-b to determine whether
TGF-b was involved. As shown in Fig. 2B, transient transfection
of either Gal4-Smad3 or VP16-AR alone showed negligible
activity (lanes 2–5). The CAT activity was induced when
VP16-AR was coexpressed with Gal4-Smad3 in the presence of
10 nM DHT (lane 7, hatched bar). Upon TGF-b stimulation the
reporter gene activity was further induced (lane 7, solid bar);
however, TGF-b cannot exert this effect in the absence of DHT
(lane 6). These results indicate that the association between AR
and Smad3 is an androgen-dependent process, and TGF-b can
further enhance this interaction.

To further demonstrate the interaction between AR and
Smad3, N-terminal Flag-tagged, full-length Smad3 was ex-
pressed in PC-3 cells alone or cotransfected with wtAR. Cell
extracts were prepared and immunoprecipitations were per-
formed with the use of anti-Flag antibodies, followed by Western
blotting with anti-AR antibodies. In the presence of Flag-Smad3,
AR was coimmunoprecipitated with Smad3 in both the presence
or absence of 10 nM DHT (Fig. 3A). Next, an in vivo coimmu-
noprecipitation assay was applied to demonstrate that the en-
dogenous Smad3 is capable of interacting with AR. As shown in
Fig. 3B, AR was detected in the Smad3 immunocomplex in the
absence or presence of androgen in PC-3(AR)2 but not in PC-3
cells. A similar result was also obtained when we replaced
PC-3(AR)2 with LNCaP cells (data not shown).

To determine which individual domain of AR can interact
with Smad3, we used GST-Smad3 fusion proteins incubated with

Fig. 2. The association of Smad3 with AR in a mammalian two-hybrid
interaction system. (A) SW480.7 cells were cotransfected with 3 mg of Gal4-
Smad3 encoding the full-length Smad3 fused to the Gal4-DBD and 4.5 mg of
VP16-AR encoding the full-length AR fused to the activation domain of VP16.
Interaction was estimated by determining the level of CAT activity from 3 mg
of the reporter plasmid pG5-CAT in the presence of 1028 M DHT. (B) DU145
cells were transfected with Gal4-Smad3 and VP16-AR expression vectors in the
presence (1) or absence (2) of DHT and TGF-b. Each CAT activity is presented
relative to the transactivation observed in the absence of DHT. All values
represent the mean 6 SD of four independent experiments.

Fig. 3. In vivo and in vitro interaction between Smads and AR. (A and B) Coimmunoprecipitation of AR and Smad3. (A) PC-3 cells that overexpressed Flag-Smad3
and AR. (B) PC-3 and PC-3(AR)2 cells were treated with or without DHT. Cell extracts were prepared and immunoprecipitations were performed with the use
of anti-FLAG antibody or anti-Smad3 antibody, followed by immunoblotting with antibody to AR. (C) The wtAR and different AR deletion mutants used in the
GST pull-down assay are shown schematically. (D) Interaction domains of AR for Smad3. A series of 35S-labeled mtARs incubated with GST-Smad3 or GST alone
in the presence (1) or absence (2) of 1 mM DHT were tested for interaction in the GST pull-down assay.
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various AR deletion mutants (shown in Fig. 3C) in pull-down
experiments (Fig. 3D). The full-length wtAR could interact with
Smad3 in the presence and absence of 1 mM DHT. Whereas
DNA-binding domain (DBD)-LBD AR peptides could interact
with Smad3, we found that both DBD AR and LBD AR peptides
interacted with Smad3 but N-terminal AR peptide failed to
interact with Smad3. Furthermore, two AR mutants (mtAR
R614H with a mutation at the second zinc finger of the DBD and
mtAR E708K with mutation at the LBD) were still able to
interact with Smad3 (data not shown). These results suggest that
AR may contain two independent binding sites located in both
DBD and LBD domains to interact with Smad3.

Roles of Smad3 in AR-Mediated Transactivation. Next, we attempted
to determine whether Smad3 can enhance androgen-induced
AR transactivation in SW480.7 cells that are unresponsive to the
inhibitory effects of TGF-b. As shown in Fig. 4A, Smad3
increased the ligand-dependent transactivation of AR, suggest-
ing that Smad3 was able to function as a positive AR coregulator
to enhance AR transactivation. Similarly, the enhanced trans-
activation function of AR by Smad3 was observed in DU145 cells
(Fig. 4B). A C-terminal deletion of 39 amino acids resulted in the
loss of the Smad3-enhanced effect of the MMTV-CAT reporter
gene in DU145 cells. As previous reports showed that the MH2
region of the C-terminal Smad3 is essential for homooligomer-
ization and heterooligomerization (11), it is possible that this
region is also important for Smad3 to interact with AR and exert
its function as an active coregulator for AR.

ARE Is Important for TGF-bySmad3-Enhanced AR Transactivation. To
test whether the ARE is important for TGF-b and Smad3 to
enhance AR-mediated transactivation, DU145 cells were tran-
siently transfected with MMTV and PSA, two of the AR target
natural promoters, and one synthetic promoter, tyrosine ami-
notransferase, which contains only two copies of a synthetic
ARE. As shown in Fig. 5, increasing AR led to a higher degree
of transactivation in a DHT-dependent manner, and TGF-b and
Smad3 were able to further enhance both the natural and
synthetic ARE promoters.

To rule out any indirect effects on the basal activity of the
MMTV-ARE CAT reporter, we also removed the ARE DNA
fragment from our reporter (MMTV-DARE-CAT). The results
showed that TGF-b and Smad3 could not induce any activity
(data not shown). Taken together, these results suggest that the
ARE is essential for TGF-bySmad3 to exert their influence on
AR transactivation.

Effect of Smad3 on the Transactivation of the Progesterone Receptor
(PR), Vitamin D Receptor (VDR), Estrogen Receptor (ER), wtAR, and
mtAR. Several identified coregulators, such as SRC-1 (30), CBPy
p300 (31), and GRIP1yTIF2 (32, 33), enhance the transactiva-
tion of most steroid receptors. It is therefore important to
investigate whether Smad3 can function as a general coregulator
for other steroid receptors through their cognate ligands and
response elements in DU145 cells. Among all of the classic
steroid receptors we tested, Smad3 could significantly enhance
the transactivation of AR, PR, and VDR (Fig. 6A). These data

Fig. 4. The effects of Smad3 on AR-mediated transcriptional activity. (A)
SW480.7 cells were cotransfected with 1 mg of pSG5-AR, 3 mg of MMTV-CAT,
and 3 mg of Smad3 expression vectors in the presence (1) or absence (2) of
DHT (1028 M) or TGF-b (10 ngyml). (B) DU145 cells were cotransfected with 3
mg of Smad3 or Smad3DC mutant expression vectors with 1 mg of pSG5-AR and
3 mg of MMTV-CAT, in the presence (1) or absence (2) of DHT (1028 M) or
TGF-b (10 ngyml). Each CAT activity is presented relative to the transactivation
observed in the absence of DHT, and an error bar represents the mean 6 SD
of four independent experiments.

Fig. 5. The androgen response element is important for TGF-bySmad3-
enhanced AR transactivation. (A) DU145 cells were transiently cotransfected
with AR (2 or 4 mg) and tyrosine aminotransferase–CAT, MMTV-CAT, or
PSA-CAT (3 mg), in the presence (1) or absence (2) of DHT (1028 M) or TGF-b
(10 ngyml). (B) DU145 cells were transiently cotransfected with AR (2 or 4 mg)
and tyrosine aminotransferase–CAT, MMTV-CAT, or PSA-CAT (3 mg), and
Smad3 expression vector (6 or 10 mg) in the presence (1) or absence (2) of DHT
(1028 M). Each CAT activity is presented relative to the transactivation ob-
served in the absence of Smad3. All values represent the mean 6 SD of three
independent experiments.
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are also in agreement with the previous report showing that
Smad3 can interact with VDR and enhance VDR target genes
(34). Because the androgen signal pathway is the opposite of the
vitamin D signal pathway in the modulation of prostate cell
growth, identification of Smad3 as an AR-positive coregulator
may provide a possible explanation for TGF-b signals in andro-
gen-mediated prostate cancer cell growth.

One of the popular explanations of how prostate cancer
progresses from an androgen-dependent to an androgen-
independent stage is that mutations in AR may change the speci-
ficity and sensitivity of AR to antiandrogens, such as HF (9). Thus,
it is in our interest to investigate whether Smad3 can enhance the
agonist activity of these antiandrogens on wtAR and mtARs.
Results from PC3 cells show that wtAR responded well to DHT at
10 nM, and Smad3 enhanced this transactivation by another 3- to
4-fold (Fig. 6B). On the other hand, wtAR was only able to respond
marginally to 1 mM HF and 10 nM E2, but Smad3 could further
promote the wtAR transactivation in the presence of 1 mM HF and
10 nM E2. We further extended these findings to the AR mutant

mtARt877a, which is found in many prostate tumors and LNCaP
cells (35). Previous reports showed that LNCaP mtARt877a could
be stimulated by E2, progesterone, and flutamide (35). In compar-
ison, our data showed that mtARt877a responded much better to
HF and E2 than did wtAR (Fig. 6C). Furthermore, Smad3 could
promote this E2- or HF-mediated androgenic activity on
mtARt877a. Compared with the previously identified coregulator,
ARA70, Smad3 showed a relatively stronger enhancement effect
on the AR transactivation. Together, these results suggest that the
LNCaP AR may require Smad3 for proper or maximal DHT-, E2-,
or HF-mediated transactivation.

AR-Induced PSA Expression Is Enhanced by Smad3. A previous study
reported that plasma TGF-b was significantly elevated in pa-
tients with clinically evident prostate metastases and correlated
with PSA levels (26, 27). Therefore, it is important to investigate
the effect of Smad3 on androgen-induced PSA expression to
understand the mechanism of prostate carcinoma progression.
As shown in Fig. 5, increasing AR induced PSA reporter gene
activity in a DHT-dependent manner, and TGF-b or Smad3 was
able to further enhance PSA promoter activity. Our Northern
blot data show that endogenous PSA expression in LNCaP cells

Fig. 7. AR-induced PSA expression is potentiated by Smad3. (A) Smad3-
enhanced androgenyAR-induced PSA mRNA expression. LNCaP cells were trans-
fected with Smad3 and parent vector as indicated for 16 h, followed by DHT
treatment for another 16 h. The PSA expression level was determined by North-
ern blotting. The probe was obtained from exon 1 of the PSA gene and labeled
with [a-32P]dCTP. A b-actin probe was used as a control for equivalent mRNA
loading. (B) A model for androgen and TGF-b pathways in AR-mediated PSA
transcription.

Fig. 6. Effect of Smad3 on the transcriptional activities of wtAR, mtAR,
progesterone receptor (PR), VDR, and estrogen receptor (ER). (A) DU145 cells
were transiently cotransfected with 3 mg of reporter plasmids (MMTV-CAT for
AR and PR, ERE-CAT for ER, and VDRE-CAT for VDR), 1 mg of each receptor
constructed in pSG5, and 4.5 mg of Smad3 expression vector in the presence of
1028 M of each cognate ligand. Each luciferase and CAT activity is presented
relative to the transactivation observed in the absence of Smad3. (B) 1.5 mg of
wtAR was cotransfected with 4.5 mg of Smad3 or ARA70 in the absence or
presence of DHT, E2, or HF at indicated concentrations. (C) The LNCaP
mtARt877a was used to replace the wtAR to perform the same experiment as
in B. All values represent the mean 6 SD of three independent experiments.
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can also be induced by DHT. Addition of Smad3 can further
enhance PSA expression in the presence of androgen (Fig. 7A,
lane 2 vs. lane 3). As a control, our data also demonstrated that
addition of Smad3 failed to induce PSA expression in the
absence of androgen (Fig. 7A, lane 1 vs. lane 4). Furthermore,
this Smad3-enhanced PSA induction can be partially repressed
by HF, suggesting that Smad3 may play positive roles in enhanc-
ing PSA expression via cooperation with AR in the presence of
androgen.

Discussion
In this study, we have investigated the mechanism of induction
of androgen signaling by the TGF-b pathway in prostate cancer
cells. Fig. 7B shows a model for TGF-b enhanced AR-mediated
transactivation, with the androgen-inducible ARE segment rep-
resenting the entire PSA promoter. First, TGF-b-enhanced AR
transactivation may go through Smad3 as a positive coregulator.
As Smad3 can interact and enhance AR in Smad4-deficient cells,
it is likely that Smad3, without heterodimerizing with Smad4,
should be able to enhance AR transactivation in response to
androgens and TGF-b. However, we do not know whether
Smad3 may bind directly to PSA promoter, nor do we know the
stoichiometry of the ARySmad3 complex for the maximal
induction. Second, after AR binding to the ARE, the ARy
Smad3 complex likely recruits transcription adaptors and other
coregulators, leading to enhanced transcription of the PSA gene.
As noted, other transcription factors may also bind to AR andyor
the promoter of the PSA gene to induce AR transactivation.
This model suggests a critical role for TGF-b in enhanc-
ing the interaction between Smad3 and AR to induce AR
transactivation.

AR acts synergistically or antagonistically with a number of
signaling pathways. Previously, evidence emerged indicating that
the steroid receptors can down-regulate the expression of certain
genes by interfering with the function of other transcription
factors. AR interference with members of the AP-1 transcription
factor family is well documented (36). On the other hand,
overexpression of AP-1 also repressed androgen-induced PSA
promoter activity (37). This mutual inhibition with heterologous
transcription factors has been reported to involve either direct
protein–protein contacts or competition for limiting amounts of

common coregulators. Previous studies have shown that the
AP-1 complex can bind directly to Smad3, which is required for
the activation of AP-1 elements. Here we provide evidence
supporting a role for Smad3 as a coregulator for AR, in addition
to its role as a TGF-b transcription mediator. If the cellular
concentration of Smad3 is limited in cells, we would expect to
observe AR overexpression to interfere with AP-1-mediated
transcription by competing for Smad3.

One of the physiological functions of TGF-b is to restrain the
proliferation of normal epithelial, endothelial, and hematopoietic
cells, thus contributing to the maintenance of homeostasis in these
tissues (17). This function of TGF-b is often lost in cancer as a result
of mutations that directly inactivate components of the TGF-by
Smad signaling pathways, including TbR-II, Smad2, and Smad4
(38). However, many tumor cells, without known mutations in these
components, are resistant to growth inhibition by TGF-b. Under-
standing the mechanism by which tumor cells selectively lose this
growth-inhibitory response to TGF-b is therefore important for a
better understanding of the oncogenic processes.

We have investigated this problem in prostate cancer cells and
have shown that overexpression of AR can repress Smad3-
mediated transcriptional activation of TGF-b target genes in a
ligand-dependent manner (unpublished data). Therefore, it is
possible that AR may mediate the silencing of TGF-b antipro-
liferative responses in prostate cancer cells. In addition, DHT-
mediated activation of AR function can be enhanced by the
TGF-bySmad signaling pathway in the presence of 1 mM HF and
10 nM E2, and Smad3 can further promote the transactivation
of LNCaP mtARt877a. These results therefore provide evidence
that growth factors such as TGF-bySmad3 might be able to
contribute to the increased agonist activity of HF and E2 to
wtAR and mtAR in prostate cancer cells. In conclusion, our
findings link the negative growth signals (TGF-bySmad3) to
positive growth signals (androgenyAR) in prostate cancer.
Whether this pathway provides any potential therapeutic targets
to battle prostate cancer growth remains to be further studied.

We thank Drs. Rik Derynck, Jeffrey L. Wrana, Eric J. Stanbridge, and
T. J. Brown for their valuable plasmids and cells. We also thank Karen
Wolf and Erik R. Sampson for manuscript preparation. This work was
supported by National Institutes of Health Grants CA55639, CA68568,
and CA75732.

1. Lindzey, J., Kumar, M. V., Grossman, M., Young, C. & Tindall, D. J. (1994) Vitam. Horm.
49, 383–432.

2. Chang, C. S., Kokontis, J. & Liao, S. T. (1988) Science 240, 324–326.
3. Yeh, S., Chang, H. C., Miyamoto, H., Takatera, H., Rahman, M., Kang, H. Y., Thin, T. H.,

Lin, H. K. & Chang, C. (1999) Keio J. Med. 48, 87–92.
4. Kang, H. Y., Yeh, S., Fujimoto, N. & Chang, C. (1999) J. Biol. Chem. 274, 8570–8576.
5. Fujimoto, N., Yeh, S., Kang, H. Y., Inui, S., Chang, H. C., Mizokami, A. & Chang, C. (1999)

J. Biol. Chem. 274, 8316–8321.
6. Yeh, S. & Chang, C. (1996) Proc. Natl. Acad. Sci. USA 93, 5517–5521.
7. Miyamoto, H., Yeh, S., Lardy, H., Messing, E. & Chang, C. (1998) Proc. Natl. Acad. Sci. USA

95, 11083–11088.
8. Yeh, S., Miyamoto, H., Nishimura, K., Kang, H., Ludlow, J., Hsiao, P., Wang, C., Su, C. &

Chang, C. (1998) Biochem. Biophys. Res. Commun. 248, 361–367.
9. Miyamoto, H., Yeh, S., Wilding, G. & Chang, C. (1998) Proc. Natl. Acad. Sci. USA 95,

7379–7384.
10. Yeh, S., Miyamoto, H., Shima, H. & Chang, C. (1998) Proc. Natl. Acad. Sci. USA 95,

5527–5532.
11. Massague, J. (1996) Cell 85, 947–950.
12. Wrana, J. L., Attisano, L., Wieser, R., Ventura, F. & Massague, J. (1994) Nature (London)

370, 341–347.
13. Tsukazaki, T., Chiang, T. A., Davison, A. F., Attisano, L. & Wrana, J. L. (1998) Cell 95,

779–791.
14. Derynck, R., Zhang, Y. & Feng, X. H. (1998) Cell 95, 737–740.
15. Chen, X., Rubock, M. J. & Whitman, M. (1996) Nature (London) 383, 691–696.
16. Zhang, Y., Feng, X. H. & Derynck, R. (1998) Nature (London) 394, 909–913.
17. Massague, J. (1990) Annu. Rev. Cell Biol. 6, 597–641.
18. Hannon, G. J. & Beach, D. (1994) Nature (London) 371, 257–261.
19. Attisano, L., Wrana, J. L., Lopez-Casillas, F. & Massague, J. (1994) Biochim. Biophys. Acta

1222, 71–80.
20. Barrack, E. R. (1997) Prostate 31, 61–70.
21. Cui, W., Fowlis, D. J., Bryson, S., Duffie, E., Ireland, H., Balmain, A. & Akhurst, R. J. (1996)

Cell 86, 531–542.

22. Derynck, R., Jarrett, J. A., Chen, E. Y., Eaton, D. H., Bell, J. R., Assoian, R. K., Roberts,
A. B., Sporn, M. B. & Goeddel, D. V. (1985) Nature (London) 316, 701–705.

23. Letterio, J. J. & Roberts, A. B. (1998) Annu. Rev. Immunol. 16, 137–161.
24. Yin, J. J., Selander, K., Chirgwin, J. M., Dallas, M., Grubbs, B. G., Wieser, R., Massague,

J., Mundy, G. R. & Guise, T. A. (1999) J. Clin. Invest. 103, 197–206.
25. Thompson, T. C., Truong, L. D., Timme, T. L., Kadmon, D., McCune, B. K., Flanders, K. C.,

Scardino, P. T. & Park, S. H. (1993) Cancer (Philadelphia) 71, 1165–1171.
26. Ivanovic, V., Melman, A., Davis-Joseph, B., Valcic, M. & Geliebter, J. (1995) Nat. Med. 1,

282–284.
27. Adler, H. L., McCurdy, M. A., Kattan, M. W., Timme, T. L., Scardino, P. T. & Thompson,

T. C. (1999) J. Urol. 161, 182–187.
28. Zhang, Y., Feng, X., We, R. & Derynck, R. (1996) Nature (London) 383, 168–172.
29. Goyette, M. C., Cho, K., Fasching, C. L., Levy, D. B., Kinzler, K. W., Paraskeva, C.,

Vogelstein, B. & Stanbridge, E. J. (1992) Mol. Cell. Biol. 12, 1387–1395.
30. Onate, S. A., Tsai, S. Y., Tsai, M. J. & O’Malley, B. W. (1995) Science 270, 1354–1357.
31. Kamei, Y., Xu, L., Heinzel, T., Torchia, J., Kurokawa, R., Gloss, B., Lin, S. C., Heyman,

R. A., Rose, D. W., Glass, C. K. & Rosenfeld, M. G. (1996) Cell 85, 403–414.
32. Hong, H., Kohli, K., Trivedi, A., Johnson, D. L. & Stallcup, M. R. (1996) Proc. Natl. Acad.

Sci. USA 93, 4948–4952.
33. Voegel, J. J., Heine, M. J., Zechel, C., Chambon, P. & Gronemeyer, H. (1996) EMBO J. 15,

3667–3675.
34. Yanagisawa, J., Yanagi, Y., Masuhiro, Y., Suzawa, M., Watanabe, M., Kashiwagi, K.,

Toriyabe, T., Kawabata, M., Miyazono, K. & Kato, S. (1999) Science 283, 1317–1321.
35. Gaddipati, J. P., McLeod, D. G., Heidenberg, H. B., Sesterhenn, I. A., Finger, M. J., Moul,

J. W. & Srivastava, S. (1994) Cancer Res. 54, 2861–2864.
36. Kallio, P. J., Poukka, H., Moilanen, A., Janne, O. A. & Palvimo, J. J. (1995) Mol. Endocrinol.

9, 1017–1028.
37. Sato, N., Sadar, M. D., Bruchovsky, N., Saatcioglu, F., Rennie, P. S., Sato, S., Lange, P. H.

& Gleave, M. E. (1997) J. Biol. Chem. 272, 17485–17494.
38. Markowitz, S., Wang, J., Myeroff, L., Parsons, R., Sun, L., Lutterbaugh, J., Fan, R. S.,

Zborowska, E., Kinzler, K. W., Vogelstein, B., et al. (1995) Science 268, 1336–1338.

Kang et al. PNAS u March 13, 2001 u vol. 98 u no. 6 u 3023

BI
O

CH
EM

IS
TR

Y


