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The regulatory role of estrogen, bone morphogenetic protein-4 (BMP-4), and TGF-� has a strong
impact on hormone secretion, gene transcription, and cellular growth of prolactin (PRL)-produc-
ing cells. In contrast to TGF-�, BMP-4 induces the secretion of PRL in GH3 cells. Therefore, we
studied the mechanism of their transcriptional regulation. Both BMP-4 and TGF-� inhibited the
transcriptional activity of the estrogen receptor (ER). Estrogens had no effect on TGF-�-specific
Smad protein transcriptional activity but presented a stimulatory action on the transcriptional
activity of the BMP-4-specific Smads. BMP-4/estrogen cross talk was observed both on PRL hor-
mone secretion and on the PRL promoter. This cross talk was abolished by the expression of a
dominant-negative form for Smad-1 and treatment with ICI 182780 but not by point mutagenesis
of the estrogen response element site within the promoter, suggesting that Smad/ER interaction
might be dependent on the ER and a Smad binding element. By serial deletions of the PRL
promoter, we observed that indeed a region responsive to BMP-4 is located between �2000 and
�1500 bp upstream of the transcriptional start site. Chromatin immunoprecipitation confirmed
Smad-4 binding to this region, and by specific mutation and gel shift assay, a Smad binding
element responsible site was characterized. These results demonstrate that the different tran-
scriptional factors involved in the Smad/ER complexes regulate their transcriptional activity in
differential ways and may account for the different regulatory roles of BMP-4, TGF-�, and estro-
gens in PRL-producing cells. (Molecular Endocrinology 23: 1102–1114, 2009)

Many actions of the anterior pituitary hormone prolactin
(PRL) have been reported, including effects on water and

salt balance, growth and development, endocrinology and metab-
olism, brain and behavior, reproduction, immune regulation and
protection, and growth of different forms of cancer (1, 2). Al-
though it is well known that dopamine of hypothalamic ori-
gin provides inhibitory control on the secretion of PRL, other
factors within the brain, pituitary gland, and peripheral organs have
been shown to inhibit or stimulate PRL secretion as well (3).

Removal of the ovaries is followed by a decrease in lac-
totroph size and number as well as the intracellular abundance
of PRL-secretory granules (4, 5). Estradiol (E2) is the strongest
ovarian hormone that reverses these effects on lactotroph cell
number and subsequently stimulates PRL secretion (6). Estro-
gen regulates PRL at the transcriptional level acting, as a regu-

latory steroid hormone (7), on the specific sequence on its pro-
moter (8). Estrogens are also antidopaminergic at the lactotroph
level and exert this effect by decreasing the number of dopamine
receptors (9). Estrogens have also been shown to stimulate lac-
totroph proliferation and are involved in prolactinoma devel-
opment. The participation of the estrogen receptor (ER) in the
growth response of pituitary tumor cells to IL-2 has been demon-
strated (10). Prolactinomas occur more frequently in women and
increase in size during pregnancy or estrogen treatment (11, 12).
The last promotes the development of experimental prolactinomas
in female rats (13, 14), whereas in dopamine D2-receptor (D2R)-
deficient mice (D2R�/�), these grow spontaneously or much earlier
in females (15–17) but also in aged male animals (17).

Members of the TGF-� superfamily have been implicated in
the control of lactotroph physiology. It is well documented that
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TGF-�1 inhibits PRL secretion of normal lactotroph in an auto/
paracrine manner (18). In addition to its effects on normal lac-
totrophs, TGF-�1 also inhibits the expression of PRL gene in rat
pituitary tumor cell lines (19). TGF-� and other members of the
TGF-� superfamily, such as activin, also have inhibitory effects
on cell proliferation of normal and tumor lactotrophs (18, 20–
22), and a reduction in the expression and action of TGF-�1 on
lactotrophs during estrogen-induced anterior pituitary tumori-
genesis has been documented (23, 24). TGF-�3, which is in-
creased by E2 administration, has a stimulatory effect on lac-
totroph cell proliferation (25).

Bone morphogenetic protein-4 (BMP-4) is one of the mem-
bers of the TGF-� superfamily. Initially, BMP-4 had been stud-
ied in the pituitary for its role in the development and patterning
of the pituitary from the initial induction of Rathke’s pouch to
cell specification in the anterior lobe and differentiation of the
lactotroph linage (26, 27). More recently, our laboratory has
described its role in the lactotroph tumorigenesis process.
BMP-4 is overexpressed in different prolactinoma models, in-
cluding the D2R�/� mice, E2-induced rat prolactinomas, and
human prolactinomas, as compared with normal tissue (28).
Experiments in nude mice have shown that tumor growth is
inhibited when a dominant-negative form of Smad-4 (Smad-
4dn) expression was expressed in GH3 lactosomatotroph cells,
providing direct evidence that BMP-4 and Smad-4 are involved
in prolactinoma development in vivo (28). BMP-4 action on
lactotroph cells involves a cross talk between intracellular sig-
naling mechanisms of BMP-4 and estrogens (28). By co-immu-
noprecipitation studies, we have previously demonstrated that
BMP-4 or estrogen treatment induces a physical interaction be-
tween the ER, Smad4, and the specific BMP signal transducer
Smad1. In contrast, TGF-� or estrogens induced a physical in-
teraction between ER, Smad4, and the specific TGF-� signal
transducer Smad2 but not Smad1. Thus, these different signal-
ing protein complexes specifically induced by BMP-4 or TGF-�
might provide a basis to explain their different effects on lac-
totroph physiology (28). Although the effects of BMP-4 on pro-
liferation have been described, no studies have shown BMP-4
action on lactotroph hormone secretion.

The expression of the rat PRL gene is under the control of a
number of hormones, and its transcriptional activity modula-
tion is regulated through protein interactions within at least two
distinct regions of the 5�-flanking sequence, a proximal pro-
moter region and a distal enhancer region located approxi-
mately 1.5 kb upstream from the transcription initiation site
(29–32). It has been demonstrated that the ER selectively binds
to a region located between 1.2 and 2.0 kb upstream from the
transcription initiation site rather than to a more proximal po-
sition as has been shown for the transcriptional regulatory ac-
tion of other steroid hormone receptors (33). Furthermore, the
ER binding site has been determined; mutagenesis of a response
element located at positions �1582 to �1569 of the promoter
inhibits the ability of estrogens to stimulate transcription (30),
showing the specificity of this site for the ER. Moreover, several
studies have pointed out that the distal enhancer activity con-
tributes mainly to the basal level of PRL gene expression and
may be involved in pituitary cell-type specificity (32, 34). The

requirement of both the specific pituitary transcription factor
Pit-1 and the ER for estrogen responsiveness of the rat PRL gene
has also been shown (35). Furthermore, Pit-1 interaction with
other proteins mediates transcriptional responses of multiple
signal transduction pathways on the PRL gene (36–40). Re-
cently, the regulation of the human PRL (hPRL) promoter by
estrogens has been studied (41). This study shows that in pitu-
itary cells, hPRL gene expression is regulated by a 5�-flanking
region 5000 bp upstream the transcriptional start site and that
the ER activates the hPRL promoter through binding to a de-
generate estrogen response element (ERE) sequence found at
�1189 bp (41). Both rat and human ERE of the PRL promoter
differ from the consensus ERE sequence at the same two bases,
and both are located in the distal enhancer (41–43). In an at-
tempt to characterize and define the TGF-�1 inhibitory tran-
scriptional mechanism a series of 5� rat PRL promoter deletions
were used, the region between �116 and 54 was shown to be
responsible of the TGF-�1 inhibitory response (44).

The aim of this work was to study the regulation of the
transcriptional activity of the Smads proteins and the ER to
understand the complex regulatory action of BMP-4, TGF-�1,
and estrogens in PRL production.

Results

BMP-4 and estrogens cross talk on PRL secretion
We first studied whether BMP-4 has an effect on hormone

secretion on GH3 cells. BMP-4 treatment induced PRL secretion
(Fig. 1A). We studied whether the cross talk described between
BMP-4 and E2 for proliferation (28) was also observed on hor-
mone secretion. A BMP-4 and E2 combination increased PRL
hormone secretion (Fig. 1A). When studying GH secretion, we
observed that BMP-4 treatment induced GH secretion and also
that E2 induced GH secretion as previously described in pitu-
itary primary culture (45). On the other hand, no BMP-4 cross
talk with estrogens was observed on GH secretion (Fig. 1B).
These results pointed out that BMP-4 and E2 cross talk is spe-
cific for cell proliferation and PRL secretion rather that a general
effect. When we studied the combination between BMP-4 and
TGF-�, we observed a lower PRL secretion induced by BMP-4
(Fig. 1C), probably involving a TGF-� inhibitory effect on the
basal transcriptional level that was previously described (44).

BMP-4, TGF, and estrogen cross talk on PRL promoter
We next studied whether the effects on hormone secretion

were also observed at the transcriptional level. BMP-4 induced
PRL promoter activity, and in the presence of E2, this activation
was increased (Fig. 2A). Coexpression of Smad-1dn not only
resulted in the inhibition of BMP-4 transcriptional stimulatory
effect but also inhibited the cross talk observed between BMP-4
and E2 (Fig. 2A). These results indicate that the cross talk ob-
served on PRL transcriptional activity is dependent on BMP-4
signaling activation, specifically dependent on Smad-1. We also
studied the combination effect between both TGF-� and E2 and
TGF-� and BMP-4 on the regulation of the PRL promoter tran-
scriptional activity. As shown in Fig. 2B, TGF-� treatment in the

Mol Endocrinol, July 2009, 23(7):1102–1114 mend.endojournals.org 1103

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 18 August 2015. at 10:12 For personal use only. No other uses without permission. . All rights reserved.



presence of E2 inhibits PRL transcriptional activity, and this
effect was also observed with different concentrations of TGF-�
(data not shown).

BMP-4 and TGF action on the transcriptional activity of
the ER

We studied whether BMP-4 or TGF-� could alter the tran-
scriptional activity of the ER. As shown in Fig. 3A, BMP-4 did
not change the basal transcriptional activity of the ER on a
reporter construct that has the EREs. On the other hand, at low
doses of E2, BMP-4 inhibited the transcriptional activity of the

ER. On the GAL4-ER construct, BMP-4 treatment also inhib-
ited the transcriptional activity of ER (Fig. 3B). TGF-� treat-
ment inhibited the ER transcriptional activity produced by E2
through the ER (Fig. 3, C and D), and in the presence of TGF-�,
there is a smaller transcriptional activity of the ER. Thus, the
ER/Smads interaction inhibits the transcriptional activity of the
ER independently of its composition, although BMP-4 inhibi-
tion is weaker.

BMP-4, TGF, and estrogens cross talk on Smad-mediated
transcription

Based on these results, we hypothesized that the transcrip-
tional activity of the Smad proteins involved in the complexes
might also be affected and studied this in reporter constructions
containing Smad binding elements (SBE) responding to BMP-4
or TGF-�. As shown in Fig. 4A, the basal transcriptional activity
of the BMPRE-LUC was not affected by the addition of E2 in
any of the different doses tested. As expected, BMP-4 induced
BMPRE-LUC activity in a dose-dependent manner, and this
activation was augmented in the presence of E2. The stimulation
of E2 on BMP-4 activity is similar to that observed on the PRL
promoter. We then assessed the same situation but for the pos-
sible effect of ER signaling on TGF-� activity using the reporter
TGF-�RE-LUC. In contrast to that observed for BMP-4 signal-
ing, E2 had no effect on the transcriptional activity of the TGF-
�-specific Smad proteins (Fig. 4B).

Characterization of the BMP binding site on the PRL
promoter

We next examined the importance of the integrity of the ERE
of the PRL promoter in the observed cross talk between BMP-4
and E2. Oligonucleotide-directed mutagenesis was used to alter
the sequence of the estrogen receptor binding site located at
positions �1582 to �1569. As shown previously (30), mutation
of this region completely abolished the stimulatory effect of E2
on the transcriptional activity of the PRL promoter (Fig. 5). On
the contrary, this mutation had no effect on BMP-4 action on
PRL transcriptional activity, and interestingly, the mutation did
not inhibit the cross talk between BMP-4 and E2 (Fig. 5A).
These data suggest that the BMP-4/E2 cross talk is independent
of the ERE site of the PRL promoter. ICI 182780 treatment
inhibited the cross talk between BMP-4 and E2 observed on the
PRL promoter (Fig. 5B), confirming that the BMP-4 and E2
cross talk is indeed mediated by ER. We further evaluated
TGF-� action on the mutated PRL promoter; as shown in Fig.
5C, the inhibitory role of TGF-� in basal and E2-stimulated
conditions was not affected by this mutation of the ERE in the
PRL promoter. We next analyzed whether the cross talk be-
tween BMP-4 and E2 depends on a putative BMP-4 response
element located in the PRL promoter. For this purpose, we first
characterized in which region of the PRL promoter was the
BMP-4 site of action. We generated a series of 5� deletions (se-
quentially truncated fragments of 500 bp) of the PRL promoter
from 2500 bp upstream of the transcriptional start site, and
these reporter constructs were analyzed. As shown in Fig. 6,
BMP-4 treatment induced the transcriptional activity of the
�2000 bp PRL-LUC deletion, suggesting that the putative re-

FIG. 1. Cross talk between BMP-4 and estrogens on PRL secretion in GH3 cells.
A and B, GH3 cells were treated with BMP-4 or E2 as indicated. GH3 cells were
seeded at 45 � 103 cells in 24-well plates. After FCS depletion for 24 h,
treatments were added with fresh FCS-depleted medium. After 24 h, the
supernatants were collected, and PRL (A) and GH (B) were measured by RIA.
Values represent the mean � SE of quadruplicate determinations of a single
representative experiment (total of three with similar results). *, P � 0.05 with
respect to basal conditions; �, P � 0.05 with respect to BMP-4 200 ng/ml,
ANOVA with Scheffé’s test. C, GH3 cells were treated with BMP-4 or TGF-� as
indicated. GH3 cells were seeded at 45 � 103 cells in 24-well plates. After FCS
depletion for 24 h, treatments were added with fresh FCS-depleted medium.
After 24 h, the supernatants were collected, and PRL was measured by RIA.
Values represent the mean � SE of quadruplicate determinations of a single
representative experiment from three independent experiments with similar
results. *, P � 0.05 with respect to basal conditions; �, P � 0.05 with respect to
BMP-4, ANOVA with Scheffé’s test.
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sponse element must be located in this region. Also, the BMP-
4/E2 cross talk was not affect in this deletion construct, support-
ing the notion that the response element required was within this
region (Fig. 6A). On the other hand, further 5� deletions of the
region between �2000 and �1500 bp (�1500 bp PRL-LUC)
completely eliminated the BMP-4 response (Fig. 6B). Similar
results were obtained with a �1000 bp PRL-LUC construct
(data not shown). This analysis led to the identification of at
least one BMP-4 response element upstream of the PRL coding
sequence.

Having identified a region for the existence of a potential
SBE for BMP-4 with the promoter deletion constructs, we
aimed to verify that Smad-4 could bind to it. In a chromatin

immunoprecipitation (ChIP) assay, endog-
enous Smad4-DNA complexes were immu-
noprecipitated with an anti-Smad4 anti-
body, and the DNA purified from this
coprecipitation was analyzed by PCR with
a pair of PCR primers that amplified the
�2000/�1500 region where the putative
SBE might be located. The experiments
were performed with the endogenous
Smad-4 to analyze a scenario more similar
to the physiological one. In untreated cell
lysates, we observed low levels of amplifica-
tion in Smad-4 immunoprecipitates. How-
ever, in cells stimulated with 100 �g/ml
BMP-4, we observed amplification of DNA
binding sites (Fig. 7). These results demon-
strate that BMP-4 treatment induced binding
of endogenous Smad-4 to a specific site in the
PRL promoter located in the region between
nucleotides �2000/�1500.

To further characterize the putative SBE
sites in this region, the BMP-4 regulation of
different fragments of the PRL promoter
with mutations or deletions of the most
similar SBE was analyzed. As shown in Fig.
8A, BMP-4 treatment induced the tran-
scriptional activity of a �2000 bp PRL-
LUC deletion that lacks the first putative
SBE, suggesting that this first putative re-
sponse element is not the one responsible
for BMP-4 stimulation. Also, BMP-4 in-
duced the transcriptional activity of a PRL-
LUC construct that lacks the second puta-
tive SBE (Fig. 8B). On the contrary, when
analyzing a PRL-LUC construct with the
third putative SBE deleted, the stimulatory
effect of BMP-4 on the transcriptional ac-
tivity of this PRL-LUC construct was abol-
ished (Fig. 8C). These data point out that
this SBE is responsible of BMP-4 action on
the PRL promoter.

Finally, we examine the binding of Smad
proteins present in nuclear extracts pre-
pared from GH3 cells under BMP-4 treat-

ment to the SBE3 putative sequence. When we tested the SBE3
sequence of the PRL promoter, we observed the formation of a
complex (Fig. 9A), and preincubation with an anti Smad-4 an-
tibody disrupted this complex (Fig. 9B).

Discussion

In this work, we studied the interaction of two members of the
TGF-� family that have physiologically opposite actions on lac-
totrophs (the stimulatory BMP-4 and the inhibitory TGF-�)
with estrogens, on their specific DNA response elements, and on
PRL, both at the secretion and promoter transcriptional activity

FIG. 2. Cross talk between BMP-4 and estrogens on PRL promoter transcriptional activity. A, GH3 cells
were transiently transfected with a plasmid DNA mixture containing 1.5 �g luciferase reporter construct of
2.5 kb PRL-LUC/pcDNA3 or 2.5 kb PRL-LUC/Smad-1dn and 0.5 �g pRSV-�gal. Cells were treated with E2,
BMP-4, or the combination of them, and after 24 h treatment, luciferase activity was measured. The values
corresponding to luciferase were normalized with respect to �-galactosidase activity. Values over the basal
value are expressed as fold increase vs. basal (basal � 1). Mean � SE of triplicate determinations per
treatment, of one representative experiment from three independent experiments with similar results, are
shown. *, P � 0.05 with respect to basal conditions; �, P � 0.05 with respect to corresponding E2 or
BMP-4 alone, ANOVA with Scheffé’s test. B, GH3 cells were transiently transfected with a plasmid DNA
mixture containing 1.5 �g luciferase reporter construct of 2.5 kb PRL-LUC and 0.5 �g pRSV-�gal. Cells
were treated with E2, BMP-4, TGF-�, or the combination of them, and after 24 h treatment, luciferase
activity was measured. The values corresponding to luciferase were normalized with respect to
�-galactosidase activity. Values over the basal value are expressed as fold increase vs. basal (basal � 1).
Mean � SE of triplicate determinations per treatment, of one representative experiment from three
independent experiments with similar results, are shown. *, P � 0.05 with respect to basal conditions;
�, P � 0.05 with respect to corresponding E2 or BMP-4 alone, ANOVA with Scheffé’s test.
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level. A cross talk between BMP-4 and E2 occurs at both PRL
hormonal secretion and PRL promoter transcriptional activity
levels, as demonstrated by a stronger induction in the presence
of both ligands. A TGF-� inhibitory effect on the PRL promoter
basal transcriptional level, which was previously described (44),
might be involved in the lower PRL secretion observed after
TGF-� and BMP-4 treatment. Both BMP-4 and TGF-� inhibited
the transcriptional activity of the ER on ERE constructs (Fig.
10). On the contrary, estrogen had no effect on TGF-�-specific
Smad proteins transcriptional activity but presented a stimula-
tory action on the transcriptional activity of the BMP-4-specific
Smads, indicating a specific interaction with BMP-4. We also
analyzed the combination between TGF-� and either estrogen
or BMP-4 on the regulation of the PRL promoter transcriptional
activity and established that TGF-� inhibitory effect overrides
both BMP-4 and estrogen stimulatory action (Fig. 10). The
BMP-4/E2 cross talk on the PRL promoter was independent of
the ERE but was inhibited when the response to BMP-4 was
abolished. We characterized the region within the PRL pro-
moter that contains a potential BMP-4 response site responding
to BMP-4 (Fig. 10).

When studying hormone secretion on GH3 cells, we deter-
mined that BMP-4 induced GH secretion in a dose-dependent
manner, but although estrogen induced GH secretion as previ-
ously described in primary cultures (45), no interaction between
BMP-4 and estrogen was observed. Recently, it has been shown
that BMP-4 increased GH secretion by forskolin (46); neverthe-
less, the stimulatory basal effect of BMP-4 on GH secretion was
not observed, which might be due to the immediate stimulation
after 10% fetal calf serum (FCS) medium change (in contrast to
24 h depletion of FCS), in which BMP-4 action might have been
masked by factors present in the FCS.

Furthermore, we demonstrated that BMP-4 and E2 cotreat-
ment resulted in a stimulatory cross talk on PRL secretion,
which correlates with previous results showing a BMP-4 and
estrogen-positive cross talk on GH3 cell proliferation (28). We
have recently demonstrated that the stimulatory effect of BMP-4
overrides the inhibitory effect of TGF-� on lactotroph prolifer-
ation in vivo (28). In this work we demonstrate that the TGF-�
inhibitory effect on basal transcription overrides the BMP-4
stimulatory action on PRL secretion. Because these two mem-
bers of the TGF-� superfamily have opposite roles in lactotroph
physiology, we studied in more detail the transcriptional activity
of the molecular complexes involved in each signaling pathway.

We studied whether the different molecular mechanisms in-
duced by BMP-4, TGF-�, or estrogen could alter their transcrip-
tional activity to understand in more detail the opposite actions
of BMP-4 and TGF-� described on lactotrophs. Using two dif-
ferent transfection reporter assays, we observed that in GH3
cells, the transcriptional activity of the ER was inhibited by both
BMP-4 and TGF-�. In contrast, although estrogens have no
effect on the transcriptional activity of the specific TGF-� Smad
proteins, estrogens enhanced BMP-4-specific Smad-induced
transcriptional activity in the presence of BMP-4 but not under
basal conditions. Previous findings have shown that Smad pro-
teins and ER physically interact and that their interaction de-
pends on the stimuli. In the presence of BMP-4 and/or estrogens,

FIG. 3. Transcriptional activity of ERE-LUC and Gal4-ER (AF-2). A–D, GH3 cells were
transiently transfected with a plasmid DNA mixture containing 1.5 �g luciferase
reporter construct ERE-LUC or Gal4-ER (AF-2)/pG5-LUC and 0.5 �g pRSV-�gal. Cells
were treated with E2, BMP-4 (A and B), or TGF-� (C and D) alone or the combination
of them, and after 24 h treatment, luciferase activity was measured. The values
corresponding to luciferase were normalized with respect to �-galactosidase activity.
Values over the basal value are expressed as fold increase vs. basal (basal � 1).
Mean � SE of triplicate determinations per treatment, of one representative
experiment from three independent experiments with similar results, are shown. *,
P � 0.05 with respect to basal conditions; �, P � 0.05 with respect to
corresponding E2 alone, ANOVA with Scheffé’s test.
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the ER can physically interact with Smad4 and the specific BMP
signal transducer Smad1. On the contrary, under TGF-� treat-
ment, Smad2 and Smad4, but not Smad1, coimmunoprecipi-
tated with ER (28). These different complexes may explain the
differential activity in the presence of E2. Other studies have
identified interactions and transcriptional activity regulation be-
tween Smad proteins and steroid receptors in many different
models, which resulted in the inhibition or enhancement of the
transcriptional activity of the proteins involved. For example, a
physical interaction has been reported between Smad3 and vi-
tamin D receptor that resulted in enhanced vitamin D receptor
transcriptional activity (47). In prostate cancer cells, opposite
actions have been described; androgen receptor stimulated
TGF-� signaling via direct binding to Smad3 (48), whereas
Smad3 repressed androgen receptor-mediated transcription

(49). In hepatoma cells, the interaction between glucocorticoid
receptor and Smad3 suppressed TGF-� signaling (50). Within
the pituitary gland, we have described a cross talk between
BMP-4 and retinoic acid that resulted in the inhibition of tumor
corticotroph proliferation (51). For ER, several interactions
have been described as well. In human kidney carcinoma cells,
different from lactotrophs, ER-mediated transcriptional activa-
tion was enhanced by TGF-� signaling, whereas ER suppressed
Smad3 (52). In lactotrophs, we observed that TGF-� overrides
E2 stimulation on the PRL promoter, whereas there is no inter-
action on the specific TGF-ß reporter. The inhibitory effect of
TGF-� on estrogen stimulation on the ERE reporter may prob-
ably be involved in the observed inhibitory role of TGF-� over
estrogen on the PRL promoter. In line with our results about the
positive interaction of BMP-4 and estrogen and the existence of

FIG. 4. Transcriptional activity of BMPRE-LUC and TGF-�RE-LUC. A and B, GH3 cells were transiently transfected with a plasmid DNA mixture containing 1.5 �g
luciferase reporter construct of BMPRE-LUC or TGF-�RE-LUC and 0.5 �g pRSV-�gal. Cells were treated with E2, BMP-4 (A), or TGF-� (B) alone or the combination of
them, and after 24 h treatment, luciferase activity was measured. The values corresponding to luciferase were normalized with respect to �-galactosidase activity.
Values over the basal value are expressed as fold increase vs. basal (basal � 1). Mean � SE of triplicate determinations per treatment, of one representative experiment
from three independent experiments with similar results, are shown. *, P � 0.05 with respect to basal conditions; �, P � 0.05 with respect to corresponding BMP-4
alone, ANOVA with Scheffé’s test.
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the ER-Smads complexes (28), recent findings have demon-
strated that the inhibitory actions of estrogens on BMP-2 func-
tion were due to a direct physical and functional interaction
between Smad-1 and ER (53). Smads and steroid receptors,
particularly the ER, present in the different protein complexes
regulate their transcriptional activity in a cell- and promoter-
dependent manner. In contrast to our previous result observed
on cell proliferation (28), the basal inhibitory effect of TGF-�
overrides the stimulatory effect of BMP-4 on PRL transcrip-
tion as shown in Fig. 2B. In lactotrophs, both BMP-4 and
TGF-�-specific Smad proteins inhibited the transcriptional
activity of the ER, but the ER enhanced only the transcrip-
tional activity of the BMP-4-specific Smads. This reciprocal
regulation, particularly the BMP-4 and E2 potentiation of the
specific BMP-4-activated Smad activity, promotes specific
PRL regulation in lactotroph cells.

Furthermore, opposite actions have been described between
TGF-�1 and TGF-�3 on lactotroph physiology (25) that are
independent of Smad proteins. These opposite effects between
TGF-�1 and TGF-�3 are a consequence of a different action of
both isoforms at the same receptor site; for example, TGF-�1
response on cell proliferation is mediated via the TGF-� type II
receptor, but TGF-� transcriptional responses are mediated via
TGF-� type I receptor (54).

The BMP-4 and estrogen cross talk effect is relevant at the
transcriptional level of the PRL promoter. We found that the
BMP-4/estrogen cross talk was not inhibited by a point muta-
tion of the ERE in the PRL promoter but was rather abolished
when a dominant-negative form of Smad-1 was coexpressed in
the cells. Also, we demonstrate that treatment with ICI 182780
inhibited the BMP-4/estrogen cross talk at the transcriptional
level. These results suggest that the cross talk might depend on a
potential BMP-4 response element within the promoter that is
mediated by ER. As mentioned in the introductory section, Far-
row and Gutierrez-Hartmann (44) have studied TGF-� modu-
lation of the PRL promoter using a series of 5�-deletion pro-
moter mutants. They found that the TGF-� inhibitory response
was abrogated by deletion of the �116/�54 region of the PRL
promoter, but no single response element was sufficient to me-
diate the TGF-� effect, suggesting that TGF-� may act through
a complex signaling pathway that involved multiple DNA ele-
ments within the PRL promoter (44). When deleting the region
between �2000 and �1500, both the BMP-4 response and the
cross talk with estrogens was abolished, suggesting that the
BMP-4 action site was located within that region. Furthermore,
we performed ChIP experiments to test the ability of Smad-4 to
directly bind to the �2000 to �1500 DNA region. Cells treated
with BMP-4 showed an enhanced Smad-4 binding, proving that
this region might contain a putative SBE. This region also con-
tains the ERE and considering the cross talk and interaction
between BMP-4-specific Smad proteins and ER, it might be
possible that both response elements sites are located close to-
gether to facilitate the observed interaction. Smad MAD-homol-
ogy 1 (MH1) domains can bind DNA directly, and Smad-4
MH1 domains bind to 5�-GnCT, 5�-CAGACA (CAGA motif, in
association especially with Smad-3), and other GC-rich se-
quences, whereas the Smad1 MH1 binds a 5�-GCCGNCGC

FIG. 5. Cross talk between BMP-4 and estrogens on the transcriptional activity of a
PRL promoter that has a point mutation on its estrogen response element. A, GH3
cells were transiently transfected with a plasmid DNA mixture containing 1.5 �g
luciferase reporter construct of 2.5 kb *ERE-PRL-LUC and 0.5 �g pRSV-�gal. Cells
were treated with estrogens, BMP-4, or the combination of them, and after 24 h
treatment, luciferase activity was measured. The values corresponding to luciferase
were normalized with respect to �-galactosidase activity. Values over the basal value
are expressed as fold increase vs. basal (basal � 1). Mean � SE of triplicate
determinations per treatment, of one representative experiment from three
independent experiments with similar results, are shown. *, P � 0.05 with respect to
basal conditions; �, P � 0.05 with respect to BMP-4 alone, ANOVA with Scheffé’s test.
B, GH3 cells were transiently transfected with a plasmid DNA mixture containing 1.5 �g
luciferase reporter construct of 2.5 PRL-LUC and 0.5 �g pRSV-�gal. Cells were treated
with E2, BMP-4, ICI 182780 (ICI), or the combination of them, and after 24 h treatment,
luciferase activity was measured. The values corresponding to luciferase were
normalized with respect to �-galactosidase activity. Values over the basal value are
expressed as fold increase vs. basal (basal � 1). Mean � SE of triplicate
determinations per treatment, of one representative experiment from three
independent experiments with similar results, are shown. *, P � 0.05 with respect to
basal conditions; �, P � 0.05 with respect to corresponding E2 or BMP-4 alone; �,
P � 0.05 with respect to corresponding BMP-4 plus E2 without ICI, ANOVA with
Scheffé’s test. C, GH3 cells were transiently transfected with a plasmid DNA mixture
containing 1.5 �g luciferase reporter construct of 2.5 kb *ERE-PRL-LUC and 0.5 �g
pRSV-�gal. Cells were treated with estrogens, TGF-�, or the combination of them,
and after 24 h treatment, luciferase activity was measured. The values corresponding
to luciferase were normalized with respect to �-galactosidase activity. Values over
the basal value are expressed as fold increase vs. basal (basal � 1). Mean � SE of
triplicate determinations per treatment, of one representative experiment from three
independent experiments with similar results, are shown. *, P � 0.05 with respect to
basal conditions, ANOVA with Scheffé’s test.
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motif (55). When analyzing the sequence of the PRL promoter,
a CAGACA sequence was found approximately 290 bp up-
stream of the ERE element, within the region that we found
crucial for the BMP-4 response. This might be one of the puta-

tive sequences responsible for BMP-4 and BMP-4/estrogen ac-
tion on the PRL promoter. Other CAGA sequences are also
detected in this region of the promoter, and although they differ
from the specific CAGACA, they might also be putative SBE
candidates. When we studied the transcriptional activity of a
�2000-bp PRL-LUC deletion that lacks the first putative SBE
sequence (two inverted CAGA separated by 2 bp), BMP-4 stim-
ulation was still observed, suggesting that this first putative
response element is not the one responsible for the BMP-4 effect.
In addition, BMP-4 induced the transcriptional activity of a
PRL-LUC mutated construct that lacks the second putative SBE
sequence (one CAGACA and one inverted CAGA separated by
7 bp). However, the BMP-4 stimulatory effect was abolished
in a PRL-LUC construct truncated in the third putative SBE
sequence (two CAGA separated by 9 bp). Moreover, nuclear
extracts prepared from GH3 cells treated with BMP-4 formed
a complex with the oligonucleotide corresponding to the
SBE3 sequence of the PRL promoter that was disrupted in the
presence of an anti-Smad-4 antibody. These results suggest
that the BMP-4 stimulatory effect is dependent on the third
SBE sequence, although it does not resemble a classical con-
sensus response element. Very likely, as determined for

FIG. 7. BMP-4 treatment induces Smad-4 binding to a PRL gene promoter
region. ChIP assays were performed from untreated or BMP-4-treated (200 ng/
ml, 30 and 60 min) GH3 cells using an antibody specific for Smad-4 or using
rabbit control IgG. The precipitated chromatin was analyzed using primers
specific for detection of the putative SBE within the PRL promoter. These primers
amplified a region from approximately �2000 to �1500 bp of the rat PRL gene
promoter encompassing an SBE-like motif (upper panel). Input chromatin isolated
before the immunoprecipitation was used to control for equal amounts of input
DNA (input DNA). The experiment shown is representative of three independent
experiments with similar results.

FIG. 6. BMP-4 stimulatory effect on PRL transcriptional activity is dependent of the region �2000/�1500 bp upstream the initiation site. A and B, GH3 cells were
transiently transfected with a plasmid DNA mixture containing 1.5 �g luciferase reporter construct of each one of the different deletions of the PRL-LUC, �2000 PRL-
LUC (A), �1500 PRL-LUC (B), and 0.5 �g pRSV-�gal. Cells were treated with E2, BMP-4, or the combination of them, and after 24 h treatment, luciferase activity was
measured. The values corresponding to luciferase were normalized with respect to �-galactosidase activity. Values over the basal value are expressed as fold increase vs.
basal (basal � 1). Mean � SE of triplicate determinations per treatment, of one representative experiment from three independent experiments with similar results, are
shown. *, P � 0.05 with respect to basal conditions; �, P � 0.05 with respect to corresponding E2 or BMP-4 alone, ANOVA with Scheffé’s test.
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TGF-� action on PRL promoter (44), it involves a complex
stimulatory response that might require the interaction with
others cis-acting factors and/or nonconsensus response
elements.

We demonstrate for the first time that a BMP-4-Smad-ER
molecular regulatory mechanism exists on PRL promoter tran-
scriptional regulation in a physiologically relevant model where
both BMP-4 and estrogens play an important role. We also
describe for the first time the region where the binding site for
BMP-4-specific Smad proteins is located in the PRL promoter.
Given the role of both estrogens and BMP-4 in prolactinomas,
their interaction may play a role in prolactinomas in women. It
may be acting not only in prolactinoma cells but also in others
such as breast and bone, in which both estrogens and the TGF-�
family play important roles or in which Smad proteins may
mediate transcriptional activation or repression depending on
the protein partners associated (56–58).

Materials and Methods

Cell culture and stimulation
Materials and reagents, except where stated, were obtained from

Invitrogen Life Technologies (Frederick, MD) and Sigma Chemical Co.
(St. Louis, MO). Recombinant rat BMP-4, TGF-� (R&D Systems Inc.,
Minneapolis, MN), and E2 (Sigma) were used.

GH3, a rat lactosomatotrophic pituitary tumor cell line, obtained
from the American Type Culture Collection (Rockville, MD), was used
(59). Cells were cultured in DMEM (pH 7.3) supplemented with 10%
FCS, 2.2 g/liter NaHCO3, 10 mM HEPES, and 2 mM glutamine until
they were confluent under 5% CO2 atmosphere at 37 C. For prolifera-
tion and hormone secretion experiments, the cells were washed twice
with PBS, and then medium was replaced by an experimental medium
consisting of the same supplemented DMEM without FCS. Before and
after the stimulation period, cell viability was routinely controlled mi-
croscopically after ethidium bromide/acridine orange staining to ensure
that this parameter did not change during the experimental time.

For experiments using E2, cells were cultured in DMEM without
phenol red (60) supplemented with 10% stripped serum for a week
before the experiment was performed.

Cells were treated, as indicated, with BMP-4, TGF-�, or E2 that was
dissolved in 100% ethanol as a 25 mM stock solution and handled in the
dark. The diluting mixture was used in all the experiments as control.

Plasmids constructs and cloning
The plasmid constructs that we used were kindly provided and/or

previously described, as indicated. The luciferase (LUC) reporter gene

FIG. 8. Characterization of a putative SBE sequence on the PRL promoter. A–C,
GH3 cells were transiently transfected with a plasmid DNA mixture containing
1.5 �g luciferase reporter construct of each one of the different mutations of the
three putative SBE of the PRL-LUC, *SBE1 PRL-LUC (A), *SBE2 PRL-LUC (B),
*SBE3 PRL-LUC (C), and 0.5 �g pRSV-�gal. Cells were treated with BMP-4, and
after 24 h treatment, luciferase activity was measured. The values corresponding
to luciferase were normalized with respect to �-galactosidase activity. Values
over the basal value are expressed as fold increase vs. basal (basal � 1). Mean �
SE of triplicate determinations per treatment, of one representative experiment
from three independent experiments with similar results, are shown. *, P � 0.05
with respect to basal conditions, ANOVA with Scheffé’s test.

FIG. 9. Complex formed with the SBE3 oligonucleotide contains Smad-4
protein. A, Gel shift analysis of binding reactions using SBE3 sequence of the PRL
promoter (wild type vs. mutant) as probe and BMP-4-stimulated GH3 cell nuclear
extracts (NE) (0.5–4 �g). The experiment shown is representative for three
independent experiments with similar results. B, Gel shift analysis of binding
reactions using SBE3 sequence of the PRL promoter as probe and BMP-4-
stimulated GH3 cells NE (4 �g), in the presence of an anti Smad-4 antibody
(2 �g) or an anti-actin antibody (2 �g). The experiment shown is representative
of three independent experiments with similar results.
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under the control of �2.5 kb of the PRL promoter (PRL-LUC) construct
was generously provided by Dr. A. Gutierrez-Hartmann (61). To mea-
sure ER activity, the ERE-tk-LUC was used, provided generously by Dr.
Christian Behl (62). To test the transcriptional activity of the Smad
proteins, we used two different reporter constructs. The BRE-LUC con-
struct, used to evaluate BMP-specific Smad protein activity was kindly
provided by Dr. Peter ten Dijke (63) and consists of two repeats of the
�1052/�1032 region of the Id1 gene promoter that contains several
specific SBE coupled to another region of the Id1 gene promoter
(�1105/�1080), which contains just the GGCGCC palindrome se-
quence flanked by CAGC-3 and CAGC-4, and all this response region is
cloned upstream of a minimal promoter reporter coupled to the lucif-
erase gene. These fused Id1 fragments provided a strong BMP-specific
enhancer function. To study the transcriptional activity of TGF-�-spe-
cific Smad proteins, the TGF-�RE-LUC construct kindly provided by
Dr. Joan Massagué was used. This construct consists of a CAGA con-
sensus sequence (underlined) repeated three times under a special insert
(5�-TCGAGAGCCAGACAAAAAGCCAGACATTTAGCCAGACAC-
3�), and this insert is repeated four times.

To assess the specificity of the BMP-4 effects on PRL transcriptional
activation, we used a dominant-negative form of Smad-1 (Smad-1dn).
The Smad-1dn expression vector generously provided by Dr. Sergio
Roman-Roman consists of a truncated Rmad-1 cDNA, the mouse ho-
molog of human Smad1, expressed under the control of the CMV pro-
moter in the pcDNA3.1 vector. This truncated fragment was achieved
by truncating the C-terminal phosphorylation site, introducing a stop
codon at alanine 422, thus inhibiting its further heterodimerization and
translocation to the nucleus (64).

Another approach to study the transcriptional activity of the ER was
using a chimeric protein consisting of the DNA-binding domain of GAL4
and the ER fragment representing the AF-2 domain. The Gal4-ER (AF-2)
expression vector was kindly provided by Dr. Donald McDonnell and
consists of the DNA-binding domain of GAL4 and the ER fragment
representing the AF-2 domain (amino acids 312–595) (65) containing
the ligand-binding domain. This chimeric protein was assayed for tran-
scriptional activity in a transient transfection system using a reporter
plasmid containing five GAL4 DNA-binding sites placed upstream of a
TATA sequence element initiating transcription of the luciferase gene
(pG5-LUC).

Point mutagenesis, promoter deletions, and cloning of the PRL pro-
moter were performed with standard PCR-based techniques as previ-
ously described (66). For point mutation of the ERE site in the PRL

promoter, the region previously shown to bind the ER
(67) was modified using oligonucleotides with the mu-
tant sequence 5�-AATGCATTTTGGGCACGAGG-
GCCGAGAGTGCTTT-3� (primer 2) and 5�-AAAG-
CACTCTCGGCCCTCGTGCCCAAAATGCATT-3�
(primer 3) (Fig. 11). Two additional primers were
used, 5�-TGCTTAAGTGGTTTGAATCTTGACTT-
TGATTACA-3� (primer 1) and 5�-ACCCATGGCTC-
CAACTGATGTAGCAGAAGATGAC-3� (primer 4).
The mutation was introduced via primers 2 and 3,
whereas primers 1 and 4 were used to attach the over-
lap regions. The full-length fragment with the muta-
tion was then subcloned by AflII/NcoI in the original
�2.5-kb PRL-LUC plasmid. For deletions of the
�2.5-kb PRL-LUC, the primers used were 5�-AAA-
GGTACCCTGCTCTGGAGTCTTAC-3� (primer 5,
�2000 bp forward), 5�-AAAGGTACCCGTGTA-
ACTCTAGCTG-3� (primer 6, �2000 bp forward that
lacks the first putative SBE, two inverted CAGA sep-
arated by two base pairs), 5�-AAAGGTACCGGTTA-
GAATTGTGATTGATTG-3� (primer 7, �1500 bp
forward), 5�-AAAGGTACCGTTACATACAAAAC-
CAAAAG-3� (primer 8, �1000 bp forward), and
5�-AAAAGATCTTAAGAGAACCACTGCTTTC-3�
(primer 9, reverse). The specific fragments were then
subcloned by BglII/KpnI in the pGL3 reporter plasmid
(Promega, Madison, WI). For point mutation of the sec-

ond putative SBE in the PRL promoter (CAGACA and CAGA sequences
separated by 7 bp), these sites were modified as previously described
(68, 69) using oligonucleotides with the mutate sequence 5�-
TGTGTTAGGATGTGTGGAATTCTGTGTATGTAGG-3� (primer
10) and 5 � -CACCTACATACACAGAATTCCACACATC-
CTAACACA-3� (primer 11). Two additional primers were used, primer
1 and primer 4. The mutation was introduced via primers 10 and 11,
whereas primers 1 and 4 were used to attach the overlap regions. The
full-length fragment with the mutation was then subcloned by AflII/
NcoI in the original �2.5-kb PRL-LUC plasmid. For deletion of the
third SBE (two CAGA sequences separated by 9 bp) together with the
ERE site, the primers used were 5�-AAAGGTACCTAATGGCAGATT-
TCCTTAG-3� (primer 12), 5�-GTTATGACCCACTCATGTTTTA-
GAGATTTC-3� (primer 13), 5�-GAGTGGGTCATAACGATTTATT-
TATCTATATCTT-3� (primer 14), and primer 9. The deletion was
introduced via primers 13 and 14, whereas primers 12 and 9 were used
to attach the overlap regions. The specific fragments were then sub-
cloned by BglII/KpnI in the pGL3 reporter plasmid (Promega) (Fig. 11).

The nucleotide sequences of all constructs obtained by PCR were
confirmed by DNA sequencing.

FIG. 10. Transcriptional regulation by BMP-4 or TGF-� stimulation. A, Under BMP-4 or TGF-�
stimulation, both proteins inhibit the transcriptional activity of the ER on ERE sites. B, On the
contrary, estrogen had no effect on TGF-�-specific Smad proteins transcriptional activity. C, On the
other hand, TGF-� inhibitory effect overrides both BMP-4 and estrogens stimulatory action on PRL
promoter transcriptional activity (C). D, Furthermore, a cross talk system between BMP-4 and E2
occurs on the transcriptional activity of the BMP-4-specific Smads in the presence of both ligands. E,
Finally, the BMP-4/E2 cross talk system is also active on the regulation of the PRL promoter
transcriptional activity, and BMP-4 acts through a specific response element.

FIG. 11. Schematic representation of the 2.5-kb PRL promoter. A schematic
representation of the 2.5-kb PRL promoter and the different primers used to
mutate the ERE and the putative SBEs and to generate the different PRL deletions
is shown. The region between �2000/�1500 bp is enlarged to make it more
comprehensive.
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Transfection of GH3 cells and reporter assays
Cell transfection was performed with Lipofectamine using standard

procedures, as previously described (70). After plating the cells in six-
well plates, the cells were transfected in DMEM without FCS for 6 h
using 5 �l Lipofectamine (Invitrogen, Frederick, MD) per well with 1.5
�g for each plasmid combination, in conjunction with a control RSV-
�gal construction (0.5 �g). Cells were then washed and left overnight in
DMEM supplemented with 10% FCS. Then the following day, cells
were washed and stimulated for 6 or 24 h in DMEM supplemented with
2% FCS with the indicated compounds. After treatment, LUC activity in
cell lysates was measured as previously described (70), using the LUC
measure kit (Promega) with a Junior luminometer (Berthold, Bad Wild-
bad, Germany). �-Gal activity was measured as previously described
(70) as control for transfection efficiency. Results were standardized for
�-gal activity.

ChIP assays
For ChIP analysis performed as previously described (71) with mod-

ifications, GH3 cells were stimulated under activating conditions for
Smad-4 protein (BMP-4 100 ng/ml) for 30 min or 1 h. GH3 cells were
fixed with 1% formaldehyde for 10 min at room temperature, washed
with ice-cold PBS containing protease inhibitors, and lysed first with 1
ml cytoplasmic lysis buffer [5 mM PIPES (pH 8.0), 85 mM KCl, 0.5%
Nonidet P-40, and protease inhibitors] for 30 min on ice. Nuclei were
centrifuged (5000 rpm) for 10 min at 4 C and resuspended in 0.4 ml
nuclear lysis buffer [50 mM Tris-HCl (pH 8.1), 10 mM EDTA, 1%
sodium dodecyl sulfate (SDS), and protease inhibitors] to lyse the nu-
cleus. The chromatin was sheared to 250-1000 bp length by sonication
with three pulses of 10 sec at 30% amplitude (Sonic Dismembrator;
Fisher Scientific, Troy, NY). After centrifugation, 15 �l of the superna-
tants were used as inputs. The remainder sonicated cell supernatant was
diluted 5-fold in ChIP dilution buffer [15 mM Tris-HCl (pH 8.1), 1% Triton
X-100, 0.01% SDS, 1 mM EDTA, 150 mM NaCl, and protease inhibitors].
The cell sonicated samples were precleared by adding 20 �l protein A-
Sepharose (Sigma) bead slurry (50%) per 1 ml cell lysate and incubating at
4 C for 2 h on a rocker shaker. These beads were prepared by three wash-
ings in PBS and resuspension in 1 mM EDTA, 10 mM Tris-HCl (pH 8.1).
Mouse monoclonal anti-Smad4 antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) was added (1 �g per immunoprecipitation) and incubated
overnight at 4 C. Immunoprecipitation was carried out using protein A-
Sepharose beads for 2 h at 4 C. Proteins were collected by gentle centrifu-
gation at 700 rpm for 1 min at 4 C, and the A-Sepharose/antibody/protein
complex was sequentially washed (4 min on a rocker shaker) with each of
the following buffers (1 ml): low-salt wash buffer [0.1% SDS, 1% Triton
X-100, 2 mM EDTA, 20 mM Tris-HCl (pH 8.1), and 150 mM NaCl],
high-salt wash buffer [0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM

Tris-HCl (pH 8.1), and 500 mM NaCl], and LiCl wash buffer [0.25 M LiCl,
1% Nonidet P-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl (pH
8.1)]. This was followed by two washes with Tris-EDTA. After each wash,
the proteins were collected by centrifugation (700 rpm, 1 min at 4 C). The
antibody complexes were eluted twice in 250 �l elution buffer (1% SDS,
0.1 M NaHCO3), and the cross-links were reversed by adding ChIP diges-
tion buffer [50 mM Tris-HCl (pH 8), 1 mM EDTA, 100 mM NaCl, 0.5%
SDS, and 100 �g/ml proteinase K] to each sample and heating 3 h at 60 C
and then 6 h at 65 C. The DNA was phenol/chloroform extracted and
precipitated with 20 �g glycogen as a carrier. The DNA was resuspended in
20 �l ribonuclease-free water and was used for PCR analysis. For each
experiment, PCRs were performed with different numbers of cycles or with
dilution series of input DNA to determine the linear range of the amplifi-
cation. All the results shown fall within this range and were normalized to
the DNA input used for each individual immunoprecipitation. The ChIP
experiment shown is one representative result of three independent exper-
iments with similar results. For the putative Smad-4 binding site within the
�2000-/�1500-bp PRL promoter, the following PCR primers were used:
forward, 5�-ACCTGCTCTGGAGTCTTAC-3�, and reverse, 5�-TAGAT-
GCAACACATAGTGC-3�. Mock control conditions were performed
without antibodies, and a nonspecific IgG1 antibody was added as control.

Hormone determination
Hormones were measured by RIA as previously described (59). For

rat GH and PRL, reagents were kindly provided by Dr. A. F. Parlow
from the National Hormone and Pituitary Program (Baltimore, MD). In
the hormone secretion experiments, similar results were observed in
experiments stimulated for 6 and 12 h, in which proliferative effects
could be ruled out.

Preparation of nuclear extracts
GH3 cells (2 � 107) were treated with BMP-4 for 1 h and then

harvested in 2 ml cold PBS containing 0.6 mM EDTA and pelleted at
5000 � g for 30 sec. Cell pellets were gently resuspended in 350 �l cold
buffer A [10 mM HEPES (pH 7.9), 10 mM KCl, 0.1 mM EDTA, 0.1 mM

EGTA, 1 mM dithiothreitol (DTT), 0.5 mM phenylmethylsulfonyl fluo-
ride, 1 �g/ml aprotinin, and 1 �g/ml pepstatin] and allowed to swell on
ice for 10 min; then 5 �l of a 10% Nonidet P-40 solution was added to the
cell suspensions, and the cells were lysed on ice for 10 min and vortexed for
5 sec every 2 min. After centrifugation at 12,000 � g for 20 min, the nuclear
pellets were resuspended in 100 �l cold buffer B [20 mM HEPES (pH 7.9),
600 mM KCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM phenylmeth-
ylsulfonyl fluoride, 1 �g/ml aprotinin, and 1 �g/ml pepstatin, and 25%
glycerol) and incubated for 40 min on ice and vortexed every 10 min. After
removal of nuclear debris by centrifugation at 16,000 � g for 10 min at 4
C, the microextracts were stored at �90 C.

EMSA
Oligonucleotides were synthesized as single-strand, and the anneal-

ing of the complementary strands was allowed. Briefly, each oligonu-
cleotide was dissolved to a final concentration of 1 mg/ml before use, the
annealing reaction was performed in oligo annealing buffer [100 mM

Tris-HCl (pH 7.5), 1 M NaCl, and 10 mM EDTA], and equal volumes of
both oligonucleotides were mixed and heated in a standard heat block at
95 C. Then the heat block was allowed to cool to room temperature on
the workbench. Oligonucleotides (1 �g) were labeled with [�-32P]ATP
and large-fragment DNA polymerase I (Klenow fragment). For binding
reactions, embryonic extracts were incubated for 25 min on ice in a total
volume of 15 �l containing 25 mM HEPES (pH 7.2), 150 mM KCl, 5 mM

DTT, 10% glycerol, and 2 �g poly(deoxyinosinic-deoxycytidylic) used
as nonspecific competitor DNA, with 50000 cpm labeled probe. The
samples were resolved on 5% polyacrylamide gels (acrylamide/bisacryl-
amide ratio of 29:1), buffered, and run for about 2 h in 0.5% TBE at 4
C (1� TBE is 45 mM Tris/borate/1 mM EDTA). For antibody supershift
experiments, the anti-Smad-4 antibody (Santa Cruz Biotechnology) or
anti-actin antibody (Santa Cruz Biotechnology) as control was added to
the nuclear extracts and incubated for 30 min at room temperature
before addition of the probe. The binding reaction mixture was further
incubated for 15 min at room temperature and applied to the gel as
described above.

The following double-strand oligonucleotide was used: oligo SBE3
wild type, 5�-TCATGATCTATCTGCCTGCCTCTTCTGACC-3�.

Statistics
Statistics were performed by ANOVA in combination with the

Scheffé’s test. Data are shown as mean � SE.
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70. Páez-Pereda M, Kovalovsky D, Hopfner U, Theodoropoulou M, Pagotto U,
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