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Abstract
We have recently shown that TGF-β3, in the presence of estradiol, increases the release of basic
fibroblast growth factor (bFGF) from folliculostellate (FS) cells in the pituitary. We determined the
interactive effects of TGF-β3 and estradiol on bFGF production and release from FS cells, and the
role of the MAPK pathway in TGF-β3 and estradiol interaction. We found that TGF-β3 and estradiol
alone moderately increased cell content and release of bFGF from FS cells; but together, they
markedly increased the peptide. Estradiol and TGF-β3 alone moderately activated MAPK p44/42;
together they produced marked activation of MAPK p44/42. Pretreatment of FS cells with an MAPK
kinase 1/2 inhibitor or with protein kinase C inhibitors suppressed the activation of MAPK p44/42,
bFGF release, and protein level increases, all of which were induced by TGF-β3 and estradiol.
Estradiol and TGF-β3, either alone or in combination, increased the levels of active Ras. Furthermore,
bFGF induction by TGF-β3 and estradiol was blocked by overexpression of Ras N17, a dominant
negative mutant of Ras p21. Estrogen receptor blocker ICI 182,780 failed to prevent estrogen's and
TGF-β3's effects on bFGF. These data suggest that an estradiol receptor-independent protein kinase
C-activated Ras-dependent MAPK pathway is involved in the cross-talk between TGF-β3 and
estradiol to increase bFGF production and/or release from FS cells.

Estrogen exposure has been considered a risk factor for the development of prolactin-secreting
pituitary tumors known as prolactinomas in humans (1-3). Experimentally, prolactinomas can
be induced by estradiol treatment in laboratory animals (4,5). It has been shown that estradiol's
mitogenic action on lactotropes is regulated by a variety of hormones and growth factors,
including TGF-β3 and basic fibroblast growth factor (bFGF) (6). Using the Fischer-344 rat
strains for in vitro and in vivo studies, we have shown that estradiol regulates the production
and secretion of TGF-β1 and TGF-β3 in the anterior pituitary (6). These two growth regulatory
polypeptides are derived from a TGF-β family of peptides and are quite homologous. These
peptides have been shown to regulate cell growth and differentiation in a number of cells with
different biological origins (7-11). Within the pituitary gland, TGF-β1 and TGF-β3 are
produced primarily in lactotropes of the anterior lobe and in melanotropes of the intermediate
lobe (12-14). In the lactotropes, TGF-β3 stimulates cell proliferation; however, TGF-β1
inhibits it. Their opposing actions are related to their different sites of actions. TGF-β1 inhibits
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cell proliferation by acting directly on lactotropes, whereas TGF-β3 increases lactotropic cell
proliferation indirectly by acting on folliculostellate (FS) cells. Estradiol inhibits TGF-β1
production, but it stimulates TGF-β3 production in lactotropes. Cell supernatant from FS cell
cultures, stimulated with estradiol and TGF-β3 or with exogenous bFGF, increases lactotrope
proliferation (15). These data suggest a key role of TGF-β3 and estradiol interaction in
lactotropic cell proliferation through bFGF production from FS cells. The peptide bFGF has
been shown to regulate cell proliferation, differentiation migration, angiogenesis, and wound
healing in various tissues, including the pituitary (reviewed in Refs. 6,16, and 17).

TGF-β1–3 are known to exert their effects by first binding to their cell surface TGF-β type II
(TβRII) receptors. This ligand binding induces TβRII to associate with the TGF-β type I
receptor (TβRI), which leads to a unidirectional phosphorylation event in which TβRII
phosphorylates TβRI. This phosphorylation of TβRI activates its kinase domain, which further
phosphorylates smad 2/3 proteins (reviewed in Ref. 18). The proteins are brought to the
membrane through the smad anchor for the receptor activation protein (19). Activated smad
2/3 binds to smad 4 and further translocates to the nucleus to activate various transcription
factors (20,21). In addition to this smad-mediated TGF-β signaling pathway, evidence over the
past few years suggests that TGF-β might signal through several MAPKs, including signal-
regulated kinases [extracellularly regulated kinases (Erks); p44/42], c-jun terminal kinases
(JNKs), and p38 MAPKs (22-27). Although TβRII and smad signaling in the pituitary has been
demonstrated, the effects of TGF-βs on MAPKs in the pituitary cells have not been well studied
(for a review, see Ref. 6).

The MAPK p44/42 has also been shown to be regulated by estrogen (28,29). The genomic
effects of estrogen occur primarily through interaction with estrogen receptors (30). The
nongenomic actions of estrogen include activation of Ras (31), which, in turn, activates MAPK
p44/42, Raf-1 (32), protein kinase C (PKC) (33), protein kinase A (34), and Maxi-K channels
(35) and also causes increases in intracellular calcium levels and nitric oxide production (36).
These actions of estrogen may be mediated by a plasma membrane-associated estrogen receptor
or by nonclassical estrogen receptors (37). In light of the recent evidence for similar actions
of both TGF-β-related peptides and estradiol on MAPK (28,38), it was of interest to determine
whether there is cross-talk between estradiol and TGF-β3 to regulate bFGF production from
FS cells. In the present study, using an FS cell line, we found that TGF-β3 and estradiol, either
alone or in combination, increased bFGF production and release via activation of a PKC-Ras-
MAPK kinase (MEK)-MAPK p44/42 pathway in FS cells.

Materials and Methods
Cell culture and reagents

We established an FS cell line from primary cultures of anterior pituitary cells obtained from
cyclic female Fischer-344 rat pituitaries (15). The cell line was maintained in DMEM/F-12
media with 10% fetal bovine serum. During experimentation, cells were maintained in DMEM/
F12 containing serum supplement (consisting of 100 μM human transferrin, 5 μM insulin, 1 μM

putrescine, and 30 nM sodium selinite). In a study verifying the effectiveness of antiestrogen
ICI 182 780, PR1 cell line is used. This cell line is derived from rat pituitary lactotrope (13)
and was maintained in DMEM/F12 media with 10% fetal bovine serum. TGF-β3 was purchased
from R&D Systems (Minneapolis, MN), and 17β-estradiol was obtained from Sigma (St. Louis,
MO). The MAPK p44/42 inhibitor (U0126) and monoclonal and polyclonal antibodies,
directed against phosphorylated and total MAPK p44/42, respectively, were bought from Cell
Signaling (Beverly, MA). The PKC inhibitors [chelerythrine chloride and Bisindolylmalemide
(Bis)] and p38 inhibitor (SB202190) were purchased from Calbiochem (San Diego, CA). A
plasmid containing a dominant negative mutant of Ras p21 (Ras N17) was purchased from
Clontech Laboratories (Palo Alto, CA). The estrogen receptor blocker, ICI 182 780 (Zenecia
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Pharmaceuticals, Macelesfield, Cheshira, UK), was a kind gift from Dr. Carol Bagnell (Rutgers
University). SB 203580 (Calbiochem), a p38/JNK inhibitor, was a kind gift from Dr. Wendie
Cohick (Rutgers University). A Ras activation assay kit was purchased from Upstate
Biotechnology (Waltham, MA).

bFGF immunoassay
FS cells (250,000/well) were grown in 24-well plates in serum-containing medium. After 2 d
ofplating, the medium was changed to a serum-free medium. On the following day, cells were
treated with vehicle (control), TGF-β3 (0.1–10 ng/ml), estradiol (1–100 nM), or TGF-β3 and
estradiol in serum-supplemented media for either 2 h or 24 h. Cell supernatants were collected
and assessed for bFGF levels using Quantikine Immunoassay Kits (R&D Systems). Cells were
lysed in 100 μl of a lysis buffer containing 150 mM Tris-HCl, pH 7.5, 300 mM NaCl, 0.1%
Triton-X, and a protease inhibitor cocktail (Sigma). Ten microliters of cell lysate were used to
assess bFGF levels using immunoassay as described previously in this article. For blocking
studies, cells were pretreated with inhibitors for 1 h, followed by TGF-β3 and estradiol
treatment either alone or in combination. Control cells in these inhibitor studies were treated
with vehicle [dimethylsulfoxide (DMSO)]. The total protein concentration in each cell lysate
was determined using the BioRad assay (Bio-Rad, Hercules, CA) to calculate the bFGF release
or cellular content of bFGF per microgram or per milligram of total protein.

Phosphorylation of MAPKs
Monolayers of FS cells (1 × 106/well) were grown in six-well plates. They were incubated in
serum-supplemented media and then treated with TGF-β3 (1 ng/ml) and/or estradiol (10 nM)
for 2 h or 24 h. Cells were lysed and analyzed for total and phosphorylated MAPK p44/42 with
immunoblotting. Monoclonal and polyclonal antibodies, specific for phospho MAPK and total
MAPK, were used. For blocking studies, cells were pretreated with inhibitors for 1 h, followed
by TGF-β3 and estradiol treatment alone or in combination. Control cells in these inhibitor
studies were treated with vehicle (DMSO).

Western blot
Cell monolayers were treated with vehicle or tested agents, washed with Tris buffer saline, and
lysed in a lysis buffer containing 150 mM Tris-HCl, pH 7.5, 300 mM NaCl, 1 mM MgCl2, 1%
Triton-X, 10% glycerol, and a protease inhibitor cocktail (Sigma) for 1 h on ice. Cellular debris
was cleared by centrifugation (10,000 × g for 10 min). The protein concentration in the
supernatant was determined using a Bio-Rad protein assay reagent (Bio-Rad). Equal amounts
of protein from each sample were resolved on SDS/PAGE and transferred to immobilon-P
polyvinylidene difluoride membranes (Millipore, Bedford, MA). Membranes were incubated
with primary antibody for 1 h at room temperature in 5% milk, 50 mM Tris-HCl, pH 7.5, 150
mM NaCl, and 0.1% Tween-20. Membranes were washed and incubated with alkaline
phosphatase conjugated with either mouse or rabbit secondary antibody for 1 h and developed
using CDP star Western blot chemiluminescence reagent (Perkin-Elmer Life Sciences, Foster
City, CA). For quantification of MAPK p44/42 activity, band intensities of phospho MAPK
p44/42 were determined using Scion Image software and normalized to the corresponding total
MAPK p44/42.

Transient transfection
Dominant negative Ras N17 or a control vector plasmid was transiently transfected into FS
cells by Lipofectamine 2000 (Invitrogen, Carlsbad, CA) in 24-well plates, according to the
manufacturer's protocol. After 18 or 24 h of transfection, cells were treated with estradiol (10
nM) and/or TGF-β3 (1 ng/ml) for 6–24 h, for bFGF induction. Subsequent procedures for cell
lysis for Western blots and bFGF assays were performed as described previously in this article.
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Ras activity assay
Cells numbering 5 × 106 per treatment were stimulated with estradiol or TGF-β3, alone or in
combination, for 1 h and lysed for 30 min, on ice, in 500 μl lysis buffer (included with the Ras
activation assay kit). The lysates were then centrifuged, and supernatants were mixed with 30
μl glutathione-S-transferase (GST) fusion protein containing the Ras binding domain of Raf,
immobilized in glutathione-agarose beads. The samples were incubated for 90 min at 4 C with
gentle rotation. The beads were then washed three times with lysis buffer. The bound GTP Ras
protein was eluted in gel loading buffer and subjected to 12.5% SDS/PAGE. The levels of
active Ras were assessed by immunoblotting with specific anti-Ras antibody. For positive and
negative controls, untreated cell lysates were loaded with GTPγS or GDP, respectively, before
mixing with beads as per the kit's instructions.

Intracellular levels of prolactin
PR1 cells (200,000 cells/well) were plated in 12-well plates for 24 h. Cells were then maintained
in media containing serum supplement for 18 h, followed by treatment with vehicle, estradiol
(10 nM), ICI 182, 780 (10−7 and 10−6 

M), or estradiol and ICI 182,780 for 96 h at 24-h intervals.
Cells were lysed in lysis buffer, and prolactin levels were analyzed by Western blotting using
antibody for prolactin (NIDDK antirat PRL-S-9; 1:200,000) and actin (Oncogene Research
Products; San Diego, CA). Actin levels were used to normalize the loading errors.

Statistical analysis
Data shown in the figures are mean ± SEM of the indicated number of experiments performed
independently. Data were analyzed using one-way or two-way ANOVA, as appropriate. Post
hoc analysis after ANOVA employed the Newman-Keuls test. P < 0.05 was considered
significant.

Results
TGF-β3 and estradiol interactive actions on cellular levels of bFGF in FS cells

Previously we have shown that TGF-β3 dose-dependently increases the release of bFGF from
FS cells in the presence of estradiol (15). To determine whether an interactive effect of TGF-
β3 and estradiol on bFGF exists, dose-response studies were performed using various
concentrations of estradiol or TGF-β3 alone or by fixing the concentration of one agent and
changing the concentration of the other.

An estradiol dose ranging from 1–100 nM increased bFGF levels in FS cells in a concentration-
dependent manner (Fig. 1A). The maximum response was observed at an estradiol
concentration of 100 nM, but there was no statistical significant difference between 10- and
100-nM concentrations. TGF-β3 alone also dose-dependently increased bFGF levels at a dose
range of 0.1–10 ng/ml (Fig. 1B). The maximal bFGF response was observed at the 10-ng/ml
dose of TGF-β3.

The estradiol dose-response effect was significantly magnified by the presence of TGF-β3, and
the TGF-β3 effect was magnified by the presence of estradiol. These data suggested that TGF-
β3 and estradiol interacted to increase bFGF levels in FS cells. Estradiol (10 nM) and TGF-β3
(1 ng/ml) together showed an additive effect on bFGF levels in FS cells. The additive effect
was also confirmed by a time kinetic study in the presence of TGF-β3 and estradiol either alone
or in combination (Fig. 1C). A stimulatory and additive effect of TGF-β3 and estradiol was
also found on bFGF release from FS cells, similar to that found for bFGF levels just described
(Fig. 1D). These data suggested a cooperative model in which estradiol and TGF-β3 interacted,
resulting in a maximum increase of bFGF levels and release from FS cells.
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Activation of MAPK p44/42 by estradiol and TGF-β3 in FS cells
MAPKs are key signal-transducing proteins that transmit signals within cells and are involved
in various biological effects of hormones and growth factors (39,40). Hence, the role of MAPKs
in TGF-β3 and estradiol interaction was investigated. To determine the total and
phosphorylated form of MAPK p44/42, using Western blot analysis, FS cells were treated
alone or in combination with the dose of TGF-β3 (1 ng/ml) or estradiol (10 nM) that produced
the maximal bFGF response. Time-course studies, using a combined treatment of TGF-β3 and
estradiol, indicated that MAPK p44/42 is optimally activated between 2 and 3 h
[phosphorylation of p44/42 (fold-change of control): 1 h (3.5 ± 0.19); 2 h (5.82 ± 0.6); 3 h
(5.49 ± 0.4); n = 5; P < 0.05, 1 h vs. 2 h or 3 h]. Using the 2-h treatment paradigm, we found
that, alone, TGF-β3 and estradiol each moderately activated MAPK p44/42; but together, these
agents produced significantly more phosphorylation of MAPK (Fig. 2, A and B). The
magnitude difference between the MAPK activation response to these two agents alone and in
combination was smaller than those for bFGF release (compare Figs. 1 and 2), suggesting that
a small change in signal may result in a large change in effect.

Involvement of MAPK p44/42 in estradiol- and/or TGF-β3-induced bFGF production and
release from FS cells

To analyze the contribution of the MAPK p44/42 cascade in the increase in bFGF production
and release from FS cells, we used MEK1/2 kinase p44/42 inhibitor U0126, which blocks the
function of MEK1/2 kinases (41,42). These kinases are upstream from MAPK p44/42 and are
known to phosphorylate MAPK p44/42 (39,43). FS cells were preincubated with various
concentrations of U0126 or vehicle for 1 h and then treated with TGF-β3 and/or estradiol for
2 h to determine MAPK p44/42 activation, and for 24 h to measure bFGF production. The
inhibitor at 1 and 10 μm concentrations significantly inhibited the TGF-β3- and/or estradiol-
induced phosphorylation of MAPK p44/42 (Fig. 3, A and B). U0126 treatment also
concentration-dependently reduced estradiol and TGF-β3-induced bFGF levels in FS cells
(Fig. 4A). The maximal effective dose of the U0126 that blocks estradiol and TGF-β3-induced
bFGF levels was also able to completely block estradiol-alone- and TGF-β3-alone-induced
bFGF release. This dose also partially blocked the bFGF release induced by a combined
treatment of TGF-β3 and estradiol (Fig. 4B).

To further confirm the specificity of the MAPK p44/42 pathway and to rule out the possibility
of involvement of other MAPKs such as p38 or JNK, we determined the effect of MAPK p38
inhibitor SB202190 and p38/JNK inhibitor SB203580 on bFGF levels in FS cells. MAPK p38
inhibitor SB202190 (350–750 nM) did not produce any significant effect on basal bFGF levels
or on TGF-β3 and/or estradiol-induced bFGF levels (data not shown), nor did various higher
concentrations of these blockers (Fig. 5A). SB203580, an inhibitor of p38 known to inhibit
JNK pathway at concentrations of 25–50 μM (44), had no significant effect on bFGF levels
induced by TGF-β3 and estradiol alone or in combination (Fig. 5B). These results suggest that
p38 and JNK MAPK pathways are not involved in estradiol and/or TGF-β3-induced increases
in bFGF levels in FS cells. The blocker SB203580 was found to be effective in inhibiting JNK
and p38 activation in mammary cell systems (Dr. Wendie Cohick's laboratory, unpublished
data), which confirms the effectiveness of this inhibitor.

Involvement of the Ras-activated MAPK pathway in TGF-β3- and/or estradiol-regulated bFGF
expression in FS cells

Because the MAPK inhibitor blocked the estradiol and TGF-β3 effects on bFGF in FS cells,
it was of interest to find out whether the classical pathway of the Ras-MEK-MAPK cascade is
involved with bFGF expression in FS cells. Ras is a small G protein that becomes activated
when it binds to GTP. Hence, we evaluated the levels of active (GTP-bound) Ras by pull-down
experiments using an immobilized GST-fusion protein containing the binding domain of Raf.
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As shown in Fig. 6A (i), the levels of Ras-GTP were increased, parallel to increases in phospho
MAPK p44/42 after estradiol and/or TGF-β3 treatments. Fig 6A (ii) shows the data of positive
and negative control studies for Ras activity assay. For positive and negative controls, FS cell
lysate was loaded with GTP-γ-S (which causes persistent activation of G proteins) or GDP
(which replaces all GDP and inactivates G proteins), respectively, and levels of active Ras
were assessed.

Ras N17, a dominant negative mutant of Ras p21, is a convenient tool for studying the Ras-
related signal transduction pathway (45). We transiently transfected FS cells with vehicle or a
Ras N17 plasmid, using the lipofectamine reagent. After 24 h, cells were treated with TGF-
β3 and/or estradiol for 2 h or 24 h, forMAPK activation or bFGF induction, respectively. Ras
N17 vector expresses a dominant negative form of Ras protein that contains a serine-to-
asparagine mutation at residue 17. The expression of this variant is known to knock out
endogenous Ras expression in mammalian cells (45,46). Western blot analysis showed that the
expression of Ras N17 in FS cells blocked the TGF-β3- and/or estradiol-induced activation of
MAPK p44/42 (data not shown). Control vector-transfected cells showed increased bFGF cell
content in the presence of estradiol and/or TGF-β3 (Fig. 6B). Ras N17-transfected cells showed
reduced basal levels as well as estradiol- and/or TGF-β3-induced bFGF levels. The inhibitory
effect of Ras N17 overexpression on the basal levels of bFGF made it difficult to identify its
effect on growth factor-induced levels of bFGF. A similar effect of overexpression of Ras N17
was reported previously (47). Possibly, the long-term overexpression of Ras N17 is shutting
down other pathways, which may be indirectly dependent on Ras. To address this issue, cells
were transiently transfected for 24 h, followed by estradiol and TGF-β3 treatment for a period
of 6 h, instead of 24 h, and analyzed for bFGF levels. Data from this study suggested that short-
term over-expression of Ras N17 did not affect the basal levels but did reduce the estradiol-
and/or TGF-β3-induced levels of bFGF (Fig. 6C).

Requirement of PKC for phosphorylation of MAPK and bFGF production
Phosphorylation of MAPK p44/42 can be induced by the activation of PKCs (48). To identify
whether the PKC system participates in the estradiol/TGF-β3 interaction leading to MAPK
p44/42 activation, we determined the action of a PKC blocker on TGF-β3- and/or estradiol-
induced MAPK activation and bFGF levels in FS cells, as described in Materials and
Methods. In an initial screening, treatment of FS cells with various concentrations of a general
PKC inhibitor, chelerythrine chloride, blocked both the phosphorylation of MAPK p44/42 and
the estradiol- and/or TGF-β3-induced increase in bFGF levels in FS cells (data not shown).
Using a specific general PKC inhibitor Bis (49), we found that the estradiol and/or TGF-β3-
induced increases in MAPK activation were suppressed at both 2.5- and 5-μM concentrations
(Fig. 7, A and B). These same doses of Bis also suppressed the effect of estradiol and/or TGF-
β3 on bFGF levels (Fig. 7C).

Effect of estrogen receptor blocker ICI 182,780 on estradioland TGF-β3-induced bFGF
expression

To find out whether the additive effect of estradiol and TGF-β3 on FS cells' bFGF production
requires activation of an estrogen receptor, we determined the effect of an estrogen receptor
blocker on bFGF cell content. Cells were pretreated with ICI 182,780 (0, 10−7−10−6 

M) for 1 h
and then treated with estradiol alone or with both estradiol and TGF-β3 for 24 h. Immunoassay
for bFGF cell content did not show any significant difference between inhibitor-treated and
vehicle-treated groups (Fig. 8A). Basal bFGF levels were not affected by the blocker treatment.
Because estradiol blocker failed to prevent estradiol action on bFGF production, the
effectiveness of the blocker was verified by determining its action on estradiol-induced increase
in intracellular prolactin in PR1 cells. ICI 182,780 has been shown to block estrogen's action
on prolactin production from lactotrope-derived PR1cells (50). As shown in Fig. 8B, we could
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not detect any PRL signal in either control or antiestrogen-treated cells during the experimental
period. However, in estradiol-treated cells, we detected a PRL signal, which was blocked by
the estrogen antagonist, which confirmed the effectiveness of the reagent. These data suggested
that an estradiol receptor-independent action in estradiol and TGF-β3 interaction occurred to
regulate FS cells' bFGF production.

Discussion
The data presented here demonstrate, for the first time, that estradiol and the peptide growth
factor, TGF-β3, interact in an additive manner to increase the production and release of bFGF
from FS cells. We found that this increase is associated with increased phosphorylation of
MAPK p44/42. We also noted that a MAPK p44/42 inhibitor, PKC inhibitors, and a dominant
negative mutant of Ras p21 all prevented the effects of TGF-β3 and estradiol on the
phosphorylation of MAPK p44/42 and bFGF production and release from FS cells. A MAPK
p38 inhibitor did not. Furthermore, the additive effect of estradiol and TGF-β3 was not affected
by an estradiol receptor blocker. These data suggest that TGF-β3 and estradiol interact to
increase bFGF production and release from FS cells via the estradiol receptor-independent
PKC–Ras-MEK-MAPK p44/42 signaling pathway.

The interaction of estradiol and TGF-β3 may be critical for estradiol-induced cell-proliferating
action on lactotropes. This interaction increases bFGF release maximally, thereby producing
a maximal effect on cell proliferation. Previous studies have demonstrated that estradiol
stimulates lactotropic cell production of TGF-β3, which causes lactotropic cell proliferation
by increasing bFGF release from FS cells (6). Hence, it seems that estradiol not only increases
the release of bFGF-inducing TGF-β3 from lactotropes but also increases its action on FS cells,
to produce maximal bFGF release and lactotrope proliferation.

Synergistic interactions of IGF-I or insulin and estradiol have been demonstrated (51). It has
been found that IGF-I and estradiol synergistically activate protein kinase B and Akt to increase
proliferation of MCF-7 cells (52). The interaction between the IGF receptor and the estradiol
receptor was found to be dependent on MAPK activation (53). Interestingly, the interaction of
TGF-β3 and estradiol to increase bFGF in FS cells is also mediated by MAPK p44/42.

The data presented here identify a mediatory role of a specific MAPK, p44/42, in the interaction
of TGF-β3 and estradiol on bFGF of FS cells. Previously it has been shown that estradiol alone
rapidly activates phosphorylation of MAPK p44/42 in the brain tissue (54). Studies of GH3
cells, which secrete pituitary prolactin, revealed that antiestrogen receptor antibodies, directed
against the hinge region of the estrogen receptor, blocked rapid activation of MAPK p44/42
and estradiol-induced prolactin secretion (55). In some cell systems, estradiol has been shown
to activate a rapid MAPK p44/42 response within 3–5 min of treatment (29), as well as a delayed
sustained response (28,29). For rapid effects of estrogen, the receptors must be located in the
plasma membrane. Delayed effects could be attributed to classical nuclear receptor and
genomic action, as well as paracrine action of estradiol through the secretion of growth factors
(28). There has been increasing evidence in recent years supporting the existence of an
alternative receptor that is both genetically and pharmacologically different from a classical
estrogen receptor (37) and insensitive to the estrogen receptor blocker ICI 182, 780 (56). We
found a slow (but persistent) activation of MAPK p44/42 by both estradiol and TGF-β3 for
bFGF production from FS cells. The estrogen receptor blocker ICI 182,780 did not block bFGF
levels in FS cells induced by estradiol or by TGF-β3 and estradiol, suggesting the possibility
of a classical estrogen receptor-independent mechanism to increase bFGF production. There
is evidence that estrogen receptor-independent pathways could be activated in estradiol
receptor-negative cells (57), or that a nonclassical estrogen receptor could be involved in
estrogen's effects on the endocrine pancreas (58).
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TGF-β isoforms 1–3 are known to elicit a wide variety of biological responses by binding to
TβRII/TβRI and further activating smad proteins (18-21). It is becoming increasingly clear that
smads may not be solely responsible for the entire effect of TGF-βs. A possible interaction
between smad and MAPK pathways for TGF-β-stimulated collagen gene expression has been
documented (38). Blanchette et al. (47) showed, for fur gene expression, that the activation of
MAPK p44/42 by TGF-β1 targets smad 2 for increased translocation to the nucleus. More
recently, it has been shown that, in differentiated chondrocytes, rapid and transient activation
of both MAPK p44/42 and MAPK p38 is required for high levels of aggrecan gene expression
(59). However, it has also been shown that, in bovine endothelial cells, the MAPK JNK
pathway, but not the MAPK p44/42 or MAPK p38 pathways, activates smad 2-mediated
transcription (60). It has also been reported that the Ras-MAPK pathway is essential for the
action of TGF-β1 in lung and intestinal epithelial cells, whereas smads contribute indirectly to
TGF-β1's action on these cells (61). Although some studies have shown TGF-β1's effect on
MAPK activation, this is the first report showing TGF-β3's effect on MAPK p44/42 for bFGF
production. In the present study, the MEK1/MEK2 blocker U0126 blocked not only the
estradiol- and/or TGF-β3-induced MAPK activation but bFGF protein production and release
from FS cells as well. The MAPK p38 inhibitor did not have any effect. It is possible that the
additive effect of estradiol and TGF-β3 on bFGF production requires cross-talk between
MAPK and smad proteins (47). We are currently investigating the possible interaction of smad
and MAPK pathways for estradiol and TGF-β3 interaction on bFGF production.

The data presented here also provide evidence for a mediatory role of Ras p21 in the interaction
between TGF-β3 and estradiol. Ras p21 is a small G protein that transduces its signal by binding
to its effector proteins, such as Raf-1 and MEKK1 (39,47). Ras activation has been shown to
be a prerequisite for the TGF-β1- or estradiol-induced activation of MAPK p44/42 in many
cell types (28,62). It has also been shown that the Ras-dominant negative mutant is not effective
in blocking MAPK p44/42 induced by TGF-β1 in COS cells (63). In FS cells, estradiol and
TGF-β3 action on MAPK is Ras p21 dependent.

In this study, we found that the PKC inhibitors suppressed the phosphorylation of MAPK
p44/42 as well as the bFGF expression induced by TGF-β3 and estradiol in FS cells. These
data are consistent with previous findings that PKC activates MAPK p44/42 through a Ras- or
Raf-dependent pathway (64-66), and that PKC regulates bFGF production in rat dermal
fibroblast cells (67) and adrenal chromaffin cells (68). Keshamouni et al. (28) also reported
the predominant role of PKC in estradiol-induced p44/42 MAPK activation. PKC is known to
activate the MAPK p44/42 pathway by directly phosphorylating c-Raf-1 or by activating the
Ras-GTP-Raf complex (63,69). Hence, the present data, showing a PKC inhibitor blockade of
MAPK p44/42 activation and bFGF levels, suggest the involvement of the PKC-Ras-MEK-
MAPK p44/42 cascade in the TGF-β3/estradiol interaction in bFGF expression and release.

In conclusion, the results from this study provide evidence that estradiol and TGF-β3 cross-
talk to activate a PKC-dependent MAPK pathway to increase bFGF production and release
from FS cells. The MAPK pathway that is activated by estradiol and TGF-β3 belongs to the
Ras-MEK-MAPK p44/42 cascade. We provide evidence that the interaction between estradiol
and TGF-β3 is critical for a maximal response of lactotropes to estradiol's challenge. Estradiol
has been shown to magnify the action of a GnRH on gonadotropic cells in the pituitary by
promoting the priming action of the peptide (70). Estradiol may magnify TGF-β3's action on
FS cells by a similar mechanism. It is also possible that the interaction is the result of cross-
talk of MAPK p44/42 with other pathways regulating bFGF release, and is activated
attributable to a high level of phosphorylated MAPK p44/42 after combined treatments with
estradiol and TGF-β3. Further experimental evidence is required to establish these views.
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Fig. 1.
Effects of TGF-β3 and/or estradiol on cell content and release of bFGF from FS cells. A and
B, Dose-dependency of the effect of estradiol and TGF-β3, either alone or in combination, on
bFGF levels in FS cells. a, P < 0.01, compared with control untreated group; b, P < 0.05,
compared with 1 nM estradiol or 1 ng/ml TGF-β3 treatment of the respective group; c, P < 0.01,
compared with estradiol- or TGF-β3-alone-treated group of respective treatment. C, Time-
dependency of the effects of TGF-β3 and estradiol. FS cells were treated with estradiol (10
nM) and TGF-β3 (1 ng/ml), alone or in combination, for various time periods. Statistical analysis
of data, using two-way ANOVA, showed significant differences at: 1) P < 0.001, among control
vs. estradiol or TGF-β3 or estradiol+TGF-β3-treated groups for all time points; and 2) P <
0.001, estradiol or TGF-β3 vs. estradiol TGF-β3-treated group for all time points. No significant
difference was found between estradiol- and TGF-β3-treated groups at any time period. D,
TGF-β3 and estradiol effects on bFGF release from FS cells that were treated with estradiol
(10 nM) and TGF-β3 (1 ng/ml), either alone or in combination, for 24 h. a, P < 0.01, compared
with untreated control; b, P < 0.01, compared with all other groups. Data are mean ± SEM of
three to six individual experiments, carried out separately, in triplicate.
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Fig. 2.
Effect of TGF-β3 and/or estradiol on MAPK activation in FS cells. FS cells were treated with
estradiol (10 nM) and TGF-β3 (1 ng/ml), either alone or in combination, for 2 h, to determine
MAPK p44/42 phosphorylation by Western blot. A, Representative Western blot showing
changes in phosphorylation of MAPK p44/42 activation. B, Densitometric analysis of
phosphorylated vs. total MAPK p44/42. The data represent the fold-increase over controls.
Each bar represents mean ± SEM of three independent experiments. a, P < 0.05, compared with
control; b, P < 0.01, compared with all other groups.
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Fig. 3.
Effect of U0126, a MEK1/2 kinase inhibitor, on TGF-β3-and/or estradiol-induced increase in
MAPK activity in FS cells. FS cells were incubated with U0126 or vehicle for 1 h and then
treated with estradiol (10 nM) and TGF-β3 (1 ng/ml), either alone or in combination, for 2 h.
A, Representative blot showing the effect of the MAPK inhibitor. B, Densitometric analysis
of phosphorylated vs. total MAPK. The data represent the fold-increase over controls. a, P <
0.05, compared with the respective DMSO-treated group; b, P < 0.05, compared with all other
groups; c, P < 0.05, compared with respective 1-μM U0126 treatment. Each bar represents mean
± SEM of three individual experiments.
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Fig. 4.
Effects of U0126, a MEK1/2 kinase inhibitor, on TGF-β3-and/or estradiol-induced increase in
the cell content and release of bFGF from FS cells. FS cells were treated with U0126 (0.1–10
μM) or vehicle for 1 h, then with estradiol (10 nM) and TGF-β3 (1 ng/ml), either alone or in
combination, for 24 h. A, Dose-response effects of U0126 on cellular levels of bFGF. a, P <
0.01, compared with control untreated group; b, P < 0.01 compared with all other groups; c,
P < 0.01, compared with 1-μM-U0126-treated group. B, The effect of U0126 on bFGF release
(the values shown here for DMSO-treated groups are from Fig. 1B for comparison). a, P <
0.01, compared with the respective controls; b, P < 0.01, compared with all other groups. Data
are mean ± SEM of three to five individual experiments, carried out separately, in triplicate.
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Fig. 5.
Effects of MAPK p38 or p38/JNK inhibitors on TGF-β3-and/or estradiol-induced increase in
cellular levels of bFGF in FS cells. FS cells were preincubated with cell-permeable inhibitor
of MAPK p38, SB202190, or inhibitor of p38/JNK pathway, SB203580, or vehicle in serum-
supplemented media for 1 h followed by treatment with estradiol (10 nM) and TGF-β3 (1 ng/
ml), either alone or in combination, for 24 h. A. Effect of p38 inhibitor SB202190. B. Effect
of p38/JNK inhibitor SB203580. a, P < 0.01, compared with respective inhibitor or control. b,
P < 0.01, compared with all other treatments in same group. Each bar represents mean ± SEM
of three individual experiments performed separately, in triplicate.
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Fig. 6.
Role of Ras-MAPK pathway in TGF-β3- and/or estradiol-induced increases in bFGF levels.
A, Determination of Ras activity. FS cells were stimulated with estradiol (10 nM) and TGF-β3
(1 ng/ml), either alone or in combination, for 2 h, and lysed in lysis buffer. Cell lysates were
then subjected to pull-down assay with GST-RBD-agarose followed by SDS/PAGE and
immunoblotting with anti-Ras antibody to detect active (GTP-bound) Ras. Aliquots of the same
cell lysate (without pull-down assay) were independently analyzed by immunoblotting, using
anti-MAPK (to control loading) and the phospho-MAPK antibody to evaluate activation of
MAPK. A (i), A representative experiment is shown. This experiment was repeated three times
with similar results; (ii), −ve and +ve control for Ras activity assay. B and C, Effects of over-
expression of Ras N17 on the changes of FS cell content of bFGF. FS cells were transiently
transfected with Ras N17, a dominant negative mutant of Ras p21, or vehicle. Eighteen hours
after transfection, cells were incubated with estradiol (10 nM) and TGF-β3 (1 ng/ml), either
alone or in combination, for 24 h (B) or 6 h (C), for cellular bFGF levels. Each bar represents
mean ± SEM of three individual experiments, performed separately, in triplicate. a, P < 0.05,
compared with controls; b, P < 0.05, compared with all other groups.
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Fig. 7.
Effect of Bis, a PKC inhibitor, on TGF-β3- and/or estradiol-induced increase in
phosphorylation of MAPK p44/42 and cell content of bFGF. FS cells were preincubated with
the PKC inhibitor Bis (2.5 and 5 μM) or vehicle, in serum-supplemented media, for 1 h, and
then treated with estradiol (10 nM) and TGF-β3 (1 ng/ml), either alone or in combination, for
2 h (to determine phosphorylation of MAPK p44/42) or for 24 h (to measure cell content of
bFGF). A, Representative blot showing the effect of this PKC inhibitor on phosphorylation of
MAPK p44/42. B, Densitometric analysis of phosphorylated vs. total MAPK p44/42 in the
presence and absence of Bis. The data express the fold-increase over DMSO-only-treated
controls. a, P < 0.01, compared with the respective DMSO-treated group; b, P < 0.0, compared
with respective 2.5-μM-Bis-treated group; c, P < 0.01, compared with all other groups. C, Effect
of the PKC inhibitor Bis on bFGF content induced by TGF-β3 (1 ng/ml) and estradiol (10
nM). a, P < 0.01, compared with respective inhibitor-only-treated group; b, compared with all
other groups; c, P < 0.05, compared with respective DMSO-treated group; d, P < 0.05,
compared with respective 2.5-μM-Bis-treated group. Each bar represents mean ± SEM of three
individual experiments, performed separately, in triplicate.
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Fig. 8.
Effects of estrogen receptor blocker on estradiol- or TGF-β3+estradiol-induced increase in
cellular levels of bFGF in FS cells. A, FS cells were preincubated with estrogen receptor blocker
ICI 182,780 (ICI) (10−7−10−8 

M) or vehicle, in serum-supplemented media for 1 h, followed
by treatment with TGF-β3 (1 ng/ml) and estradiol (10 nM) or estradiol (10 nM) alone for 24 h.
Each bar represents the mean ± SEM of three individual experiments, performed separately, in
triplicate. a, P < 0.01, compared with respective untreated group; b, P < 0.01, compared with
respective estradiol-treated group. B. Representative blot verifying the well-known
antagonistic effects of ICI 182,780 on estradiol-induced increase in intracellular prolactin in
PR1 cells (50).
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