Proc. Natl. Acad. Sci. USA
Vol. 96, pp. 4686—4691, April 1999
Pharmacology

Estrogen-induced activation of mitogen-activated protein kinase
requires mobilization of intracellular calcium

TERESA IMPROTA-BREARS*, A. RICHARD WHORTON*, FRANCA CoDAZZIT, JOHN D. YORK*, TOBIAS MEYERT,

AND DONALD P. MCDONNELL*%

Departments of *Pharmacology and Cancer Biology, and TCell Biology, Duke University Medical Center, Durham, NC 27710

Edited by Pierre Chambon, Institut de Génétique et de Biologie Moléculaire et Cellulaire, Strasbourg, France, and approved February 23, 1999

(received for review July 7, 1998)

ABSTRACT Estrogens and growth factors such as epi-
dermal growth factor (EGF) act as mitogens promoting
cellular proliferation in the breast and in the reproductive
tract. Although it was considered originally that these agents
manifested their mitogenic actions through separate path-
ways, there is a growing body of evidence suggesting that the
EGF and estrogen-mediated signaling pathways are inter-
twined. Indeed, it has been demonstrated recently that 173-
estradiol (E2) can induce a rapid activation of mitogen-
activated protein kinase (MAPK) in mammalian cells, an
event that is independent of both transcription and protein
synthesis. In this study, we have used a pharmacological
approach to dissect this novel pathway in MCF-7 breast
cancer cells and have determined that in the presence of
endogenous estrogen receptor, activation of MAPK by E2 is
preceded by a rapid increase in cytosolic calcium. The in-
volvement of intracellular calcium in this process was sup-
ported by the finding that the presence of EGTA and Ca?*-free
medium did not affect the activation of MAPK by E2 and,
additionally, that this response was blocked by the addition of
the intracellular calcium chelator 1,2-bis(2-aminophe-
noxy)ethane-N,N,N’,N'-tetraacetate. Cumulatively, these data
indicate that the estrogen receptor, in addition to functioning
as a transcription factor, is also involved, through a non-
genomic mechanism, in the regulation of both intracellular
calcium homeostasis and MAPK-signaling pathways. Al-
though nongenomic actions of estrogens have been suggested
by numerous studies in the past, the ability to link estradiol
and the estrogen receptor to a well defined signaling pathway
strongly supports a physiological role for this activity.

The biological activity of estrogen is mediated through a
specific high-affinity estrogen receptor (ER) located within
target cell nuclei. In the absence of hormone, ER is associated
with a host of proteins that prevent it from interacting with the
cellular transcription apparatus. Upon binding estrogen, the
receptor undergoes an activating conformational change, fa-
cilitating its association with target genes and permitting it to
regulate gene transcription (1). In addition to this well estab-
lished pathway, however, it has been shown that estrogen can
induce extremely rapid increases in the concentrations of the
intracellular second messengers calcium and cAMP (2-4). The
time course of these events is similar to those elicited by growth
factors and peptide hormones, lending support to the hypoth-
esis that they do not involve the classical genomic action of
estrogen through its receptor. These similarities, between the
nongenomic actions of steroids and growth factor-signaling
pathways, suggest that these two distinct, ligand-regulated
pathways converge in such a manner to permit cross-talk. For
instance, both estrogens and epidermal growth factor (EGF)
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are known to act as mitogens in promoting cellular prolifer-
ation in the breast and the reproductive tract (reviewed in ref.
1). Furthermore, the effects of these two agents sometimes
overlap: estrogen has been shown to increase the uterine levels
of both EGF and its receptor (5-7), and EGF has been shown
to mimic the effects of estrogens in the mouse reproductive
tract (8). Although the molecular details of this cross-talk
remain to be elucidated, it is clear that ER itself is an important
point of convergence. Specifically, it has been shown that ER
transcriptional activity can be activated by binding to its
cognate estrogenic ligand but also by a variety of other
extracellular signals, among them EGF, transforming growth
factor, insulin, and dopamine (9-11). The activation of ER by
EGF has been demonstrated to involve direct phosphorylation
by mitogen-activated protein kinase or extracellular-regulated
kinase (MAPK/ERK) of serine residue 118 (12, 13). A further
embodiment of this cross-talk was revealed when it was
demonstrated that 17B-estradiol (E2) causes rapid activation
of MAPK in mammalian cells in an ER-dependent fashion (14,
15). Thus, it appears that a feed-forward system exists where
E2 activates MAPK, an event that, in turn, enhances the
transcriptional activity of ER. Although the mechanism un-
derlying estrogen-induced MAPK activation and its physio-
logical significance remains to be explained, the activation of
this signaling pathway may represent a potential mechanism by
which estrogens regulate proliferation. Thus, because of the
potential importance of this novel action of estrogen, we
undertook a biochemical and pharmacological approach to
define the specific mechanism by which estrogens activate
MAPK.

MATERIALS AND METHODS

Cell Culture. MCF-7 breast cancer cells, and HeLa cervical
carcinoma cells (American Type Culture Collection, Manas-
sas, VA) were cultured in DMEM/10% heat-inactivated FBS
(GIBCO/BRL). Human recombinant EGF (GIBCO/BRL)
was used at a concentration of 100 ng/ml, as indicated for each
experiment. Treatments with estrogens were done by using E2
(Sigma) at a final concentration of 1078 M and, when indi-
cated, in combination with 10~° M antiestrogen ICI 182,780 (a
gift from Alan Wakeling, Zeneca Pharmaceuticals). All treat-
ments were preceded by incubation with 0.05% charcoal-
stripped FBS for 18 hr to down-regulate MAPK activity.

Western Blot Analysis. Immunoblots were performed as
described previously (16) by standard methods on crude
protein extracts obtained from 5 X 10° cells untreated or
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treated with E2 or EGF for 10 min. Cell extracts containing 10
pg of total protein per sample (determined by using Bio-Rad
protein assay) were analyzed by SDS/PAGE using 8% and
10% polyacrylamide gels, as indicated. Gels were transferred
to nitrocellulose filters and probed with antibodies specific for
either Raf-1 or p44 /p42 MAPKs (rabbit polyclonal antibodies
C-12 and Erkl, respectively; Santa Cruz Biotechnology) and
anti-active p44/42 MAPKs (Promega). Filters then were
washed and incubated with specific secondary peroxidase-
conjugated antibodies and stained with enhanced chemilumi-
nescence reagents (Amersham).

Indirect Immunofluorescence Staining. For immunofluo-
rescence analysis, MCF-7 cells were grown on glass coverslips,
serum-starved for 24 hr, then either left untreated or treated
with EGF or E2 for 30 min. Cells were fixed as described (17)
and probed with either Erk2, recognizing both p44 and p42
isoforms (Santa Cruz Biotechnology), or anti-active MAPK
(Promega) as specific primary antibody at the dilutions of
1:1,000 and 1:500, respectively, and fluorescein-conjugated
donkey anti-rabbit as secondary antibody. Cells were then
mounted in PBS/90% glycerol/0.1% p-phenylenediamine (pH
8) and examined under UV light.

Intracellular Free Calcium Measurements. Ratiometric
measurements. Intracellular Ca®* concentrations ([Ca®™];)
were measured by using the ratiometric fluorescent indicator
dye Fura 2-AM, the membrane-permeant acetoxymethyl ester
form of Fura 2 (Fura 2-AM; Molecular Probes). Confluent
MCEF-7 cell monolayers grown on coverglasses were incubated
at 37°C in Hanks’ balanced salt solution (HBSS) containing 10
uM Fura 2-AM and 0.05% BSA, pH 7.4, for 45 min. After the
incubation period, coverslips were washed with the same
buffer to remove excess Fura 2-AM and incubated in buffer for
15 min to allow hydrolysis of Fura 2-AM into its active-dye
form, Fura 2. Each coverslip then was inserted into the cuvette
of a double-beam spectrofluorimeter (Photon Technology
International, Princeton) with the cell side exposed to the light
beam at a 45° angle. Treatment with either ATP and brady-
kinin (1 uM final concentration), thapsigargin (TG, 0.2 uM
final concentration; Molecular Probes), or E2 (10~7 M final)
was carried out sequentially by adding the appropriate con-
centrations of each substance into the cuvettes in either HBSS
buffer or Ca?>"-free HBSS/2 mM EGTA as specified for each
experiment. The excitation wavelength was alternated between
340 and 380 nm, and emission fluorescence was recorded at
510 nm. The fluorescence ratio was calculated as Fz40/Fg0, and
the equivalent in Ca?* concentration was calculated to range
from 80 nM (basal levels) to 205 nM (after stimulation).

Individual cell measurements. For intracellular calcium mea-
surements at the single-cell level, the MCF-7 cells were plated
on glass coverslips and cultured as described above to reach
60% confluence. At the beginning of each experiment the cells
were incubated with the fluorescent calcium dye Fluo-3-AM (5
uM) for 20-30 min at 37°C, washed for 10 min to allow the
deesterification of the dye, and, finally, transferred into a
microincubator chamber. The calcium variations at the single-
cell level were monitored by fluorescence confocal microscopy
(Odyssey, Noran Instruments, Middleton, WI), recording a
time series of images before and after cell stimulation. Time
series of 70-100 confocal images were recorded for each
experiment, each series containing images recorded at time
intervals of 3 sec. For each treatment, maximal response to
ATP stimulation (100 uM) was used as an internal positive
control. The time series then were analyzed by using a Meta-
morph Imaging System (Universal Imaging, Westchester, PA).
A 488-nm laser was used for the dye excitation, and a 515-nm
long-pass filter was used for emission.

RESULTS

MAPK Activation in Response to E2 and EGF in MCF-7 and
HeLa Cells. MAPK activity is tightly controlled by dual
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phosphorylation of intramolecular threonine and tyrosine
residues (T 183 and Y 185). Both covalently bound phosphates
are required for maximal activity (18, 19). Using a specific
antibody recognizing the active, phosphorylated forms of
p44/p42 MAPK (Erkl/Erk2), we have shown by Western
immunoblot analysis that activation of MAPK in MCF-7 cells
occurs after treatment with E2 (Fig. 1 Upper, lane 4). Under
the conditions of this experiment, MAPK activation by E2
appears to be induced to a level that is about 20% of that
observed in response to EGF. The kinetics of MAPK activa-
tion by both EGF and estradiol were similar, with maximal
activity being observed 5 min after treatment, returning to
basal levels by 60 min (data not shown) and remaining low for
up to 18 hr after continuous stimulation with either EGF or E2
(Fig. 1, lanes 3 and 5), respectively. Similar experiments were
conducted in HeLa cells, a cell line that does not express the
classical ER. The results of this experiment are shown in Fig.
1 (Upper Left, lanes 6—8) and indicate that MAPK activation
occurs in the presence of EGF but not E2; similar results were
obtained in the ER-negative cell line 293 (data not shown).
Importantly, Western immunoblot analysis of these same
extracts from MCF-7 and HelLa cells, using an Erk1 antibody
that recognizes both nonphosphorylated forms of p44/42
MAPK (shown in Fig. 1 Lower), confirmed that E2 and EGF
specifically altered MAPK activity and not its expression level.

MAPK Translocation from the Cytoplasm to the Nucleus
After E2 and EGF Treatment. Activation of p44/p42 MAPK
by growth factors and other extracellular stimuli results in its
translocation, within minutes, from the cytoplasm to the
nucleus, where these enzymes act on their target substrates
(20-22). To determine whether this critical step also occurred
in response to E2, we used indirect immunofluorescence to
localize the activated form of MAPK in MCF-7 cells after EGF
and E2 treatments. The results of a representative experiment
are shown in Fig. 2. In this experiment, untreated cells were
fixed and stained with either a primary antibody against
p44/p42 MAPK (Fig. 2 Upper Left) or an antibody recognizing
the active MAPK (Fig. 2 Upper Right and Lower). These studies
reveal that Erk1/2 are located primarily in the cytoplasm of
untreated cells (Fig. 2 Upper Left) and that these cells do not
contain any significant amount of activated MAPK (Fig. 2
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FiG. 1. Activation of MAPK in response to estrogen in MCF-7
cells. Western blot analysis of total lysates from MCF-7 and HeLa cells,
stained with anti-active MAPK antibody (Upper) and with an antibody
recognizing Erk1l and Erk2 (Lower). MCF-7 cells were mock-treated
(C) or treated with either EGF for 5 min and 18 hr (lanes 2 and 3,
respectively) or with estradiol (E2, lanes 4 and 5). HeLa cells were
mock-treated (C) and treated for 5 min with E2 and EGF.
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F1G.2. Nuclear translocation of MAPK in response to E2. Indirect
immunofluorescence staining of MCF-7 cells using primary antibodies
anti-Erk1/2 (Upper Left) and anti-active-MAPK antibodies (Upper
Right and Lower). Cells either were left untreated (Upper) or treated
with EGF (Lower Left) and estrogen (Lower Right) for 30 min before
incubation with FITC secondary antibody.

Upper Right). Treatment with either EGF or E2 (Lower Left
and Right, respectively) results in translocation of the activated
forms of p44/42 MAPK to the nuclear compartment of the
cell. However, the intensity of the nuclear staining, as detected
by indirect immunofluorescence, varies from cell to cell and
differs in response to EGF and E2, the former being more
intense than the latter, a result that is in agreement with that
observed by Western immunoblot analysis.

E2-Induced MAPK Activation Does Not Involve the Clas-
sical Surface Receptor-Mediated Signaling Cascade. A recent
study by Migliaccio et al. (14) demonstrated that the rapid
estradiol-mediated activation of Erk1/2 paralleled a concom-
itant increase in p21 Ras-GTP, the activated form of Ras. This
implied that the Ras cascade somehow was involved in medi-
ating the actions of estradiol on the MAPK pathway. To pursue
this hypothesis further and define the early events involved in
the signaling of E2 through MAPK, we investigated whether
the activation of MAPK in MCF-7 cells in response to E2
required activation of the protein kinase c-Raf, which is
classically downstream of Ras in growth factor-induced, re-
ceptor-mediated transmembrane signaling (reviewed in ref.
23). This was accomplished by using Western immunoblot to
assay for alterations in the electrophoretic mobility of Raf-1,
which occurs as a consequence of an activating phosphoryla-
tion event (24, 25). The results of this experiment are shown
in Fig. 3. After treatment of MCF-7 cells with EGF, activated
Raf-1 was detected as an immunoreactive protein, which
migrated slower than that extracted from untreated cells (Fig.
3, lane 2). In contrast, however, no change in Raf-1 mobility
is observed after incubation of MCF-7 cells with either E2
alone (lane 3), the steroidal antiestrogen ICI 182,780, or a
combination of the two treatments (lanes 5 and 4, respective-
ly). Reprobing of the same filter with anti-Erk1/2 antibody,
shown in Fig. 3 (Lower), subsequently was performed to
confirm that comparable amounts of Erkl/2 protein was
present in each lane.

Hydrolysis of phosphatidylinositol 4,5-bisphosphate into
inositol 1,4,5-trisphosphate [Ins(1,4,5)P5] and 1,2-diacylglyc-
erol frequently has been shown to occur as a consequence of
transmembrane signaling (26-28). To establish whether this
second messenger was involved in the E2-induced MAPK
activation in MCF-7 cells, we undertook HPLC measurements
of Ins(1,4,5)P5 (data not shown). A series of experiments was
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Fic. 3. E2-induced MAPK activation is not mediated by cRaf-1.
Immunoblot stained with anti-c-Rafl antibody. MCF-7 cells were
treated with either EGF or E2 as in Fig. 1, with the exception that
cRAF-1 activation also was examined after treatment with E2 + the
pure antiestrogen ICI 182,780 or ICI 82,780 alone. Extracts were
analyzed on 7.5% SDS/PAGE. A change in mobility of the band
corresponding to phosphorylated c-Raf 1 is clearly detectable after
treatment with EGF. (Lower) Normalization for Erk1/2.

performed on MCF-7 cells after 20-sec and 1-min incubations
with either E2 or EGF, in the absence and in the presence of
LiCl, to block dephosphorylation. Under none of these con-
ditions, however, did we observe any significant elevations in
the amount of Ins(1,4,5)P; produced in response to either
agent (n = 5). This was not due to the inability to release
Ins(1,4,5)P5 in this cell system, because a standard mixture of
EGF and bradykinin (29) did lead to a 70% increase in the
levels of Ins(1,4,5)P5 (n = 2). Thus, within the limits of our
detection system, we were not able to show a link between
estrogen and Ins(1,4,5)Ps hydrolysis.

MAPK Activation in Response to E2 is Calcium-Mediated
and Involves Mobilization from Intracellular Ca2?* Stores.
Activation of MAPK can be induced by a variety of extracel-
lular stimuli mediated through receptor tyrosine kinases and
cytokine receptors (reviewed in refs. 30 and 31), G proteins
(32), and by alterations in [Ca"]; (33-35). In support of a role
for calcium in MAPK activation in MCF-7 cells, we have
detected activated enzyme within 5 min of treatment with
either the calcium ionophore A23187 or after incubation with
TG, an agent that specifically mobilizes the intracellular
calcium pools (Fig. 4, lanes 2 and 3, respectively). However,
under the conditions of our assay, no activation of MAPK was
observed in response to treatment with agents known to
enhance cAMP levels such as forskolin (data not shown) or
8-bromo-cAMP (Fig. 4, lane 1). We then examined whether
extracellular calcium entry or release of intracellular calcium
was involved in estradiol-stimulated MAPK activation. Cells
were treated with hormone in the presence or in the absence
of Ca?" in the medium and in the presence of the calcium
chelator EGTA. Interestingly, the response to E2 but not to
EGF (not shown) is abolished by simultaneous addition of the
pure antiestrogen ICI 182,780 (Fig. 4, Upper Right, lane 3),
indicating that ER participation in MAPK activation appears
to be restricted to the estradiol-stimulated pathway. As shown
in Fig. 4, removal of extracellular calcium does not affect the
ability of E2 to activate MAPK, nor does it affect EGF
activation in this assay (Fig. 4, treatment with EGF in lane 4).
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FiG. 4. MAPK activation after treatments of MCF-7 cells with
8-bromo cAMP, calcium ionophore A23187, and TG. E2, E2/ICI, and
EGF treatments were carried out in Ca2* /EGTA medium as indicated
(Upper). The same blots then were stripped and probed with Erk1/2
as a control (Lower).

These findings indicate that estrogen-induced activation of
MAPK is either a calcium-independent event or that it is due
to the release of calcium from intracellular stores. To distin-
guish between these two possibilities, we measured the free
cytosolic [Ca?*]; within MCF-7 cells by using the ratiometric
dye Fura 2 after a short incubation with E2 in the presence or
absence of extracellular calcium. The results, shown in Fig. 54,
demonstrate that E2 was able to facilitate a rapid increase in
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the level of free intracellular calcium (Fig. 542). This activity
did not require extracellular calcium (Fig. 543), suggesting that
release from intracellular Ca?* stores was involved. TG as well
as ATP and bradykinin also elevated intracellular Ca®* in
these cells (Fig. 547). As shown by these experiments, the
E2-induced rise in calcium observed in Ca?*-free/EGTA
buffer declines more rapidly than that seen in Ca>* complete
buffer (Fig. 5 A1 and A2, respectively) because of the presence
of extracellular EGTA. Interestingly, when Ca?*-free/EGTA-
containing buffer was replaced by Ca?* complete buffer,
MCEF-7 cells responded to a second challenge with E2 in a
manner indistinguishable from the response seen when E2 was
applied initially (data not shown). This suggests that E2-
mediated Ca?" release does not desensitize rapidly. The
oscillation in Ca?" concentrations was calculated to rise from
a basal level of 80 nM to about 205 nM after stimulation with
the above-described treatments, consistent with the [Ca’*];
required for activation of the Erk1/2 pathway in other systems
established recently (35). However, the relatively small ampli-
tude of the calcium response combined with the heterogeneity
observed in the intensity of the MAPK response in MCF-7
cells (see Fig. 2, compare 3 and 4) prompted us to examine the
cytosolic calcium response at the level of individual cells by
confocal microscopy. The results of single-cell calcium mea-
surements are shown in Fig. 5BI-B3. In response to E2
treatment, an increase in the cytosolic calcium is visible within
seconds and reaches its peak between 60 and 80 sec in a fashion
similar to that observed by ratiometric measurements (Fig. 5,
compare A2 with B1). However, with the confocal analysis, it
was observed that the treated cells were heterogeneous with
respect to their ability to respond to estrogen, because most
cells demonstrated elevation in [Ca?*]; after E2 administration
whereas, under identical conditions, some cells were unable to
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FiG. 5. Cytosolic calcium oscillations in MCF-7 cells. (4) Free intracellular calcium measurements in response to treatment with ATP,
bradykinin (BK), TG are shown in 47. (42 and A3) The calcium measurements after estrogen treatment (E2) in regular medium and in
Ca?*-free/EGTA medium, respectively. (B) Measurements of intracellular calcium at a single-cell level by fluorescence confocal microscopy.
MCEF-7 cells were stimulated as indicated in the text with estradiol (E2, BI), ICI (B2), and a combination of estradiol and ICI (E2/ICI, B3). The
data shown are representative of a single experiment, and a minimum of four experiments were carried out for each treatment. Values are expressed
as relative fluorescence units (RFI), with each color representing the calcium response in a single cell. In response to E2, 14 of 20 cells had an
RFI >30% of the baseline; in the presence of ICIL, it was 14 of 25, and in the presence of E2/ICI, it was 6 of 21 cells.
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F1G. 6. Intracellular calcium requirement for E2-induced MAPK
activation. Shown is Western blot analysis of MCF-7 cells in response
to E2 in the presence and absence of the calcium chelator 1,2-bis(2-
aminophenoxy)ethane-N,N,N',N'-tetraacetate. The blot was stained
first with anti-active MAPK (Upper) and then subsequently stripped
and restained with anti-Erk1/2 antibody.

respond. This may be due to intrinsic properties of MCF-7 cells
and may reflect heterogeneity in this tumor cell population.
Furthermore, similar experiments were performed in HeLa
cells, in the absence of the ER, and resulted in no change in
the levels of cytosolic calcium concentration as measured by
both ratiometric and confocal assay (data not shown), con-
firming a role for the ER in this process. To probe the
pharmacology of this activity further, we performed experi-
ments in MCF-7 cells after treatments with ICI and ICI/
estradiol (Fig. 5 B2 and B3, respectively). Consistent with that
observed by Western analysis, the simultaneous addition of
estradiol and ICI does not result in any significant change in
[Ca?*];, and treatment with ICI alone results in only a small but
detectable calcium oscillation. These results would be consis-
tent with the hypothesis that in addition to elevation in [Ca?*];,
MAPK activation also requires ER to be induced by classical
agonists.

Together, these results provide strong evidence that estra-
diol activation of MAPK utilizes intracellular calcium as a
second messenger. This hypothesis was tested further by
assaying estrogen-induced MAPK activation in MCF-7 cells
that were preincubated with the specific [Ca®*] chelator
1,2-bis(2-aminophenoxy)ethane-N,N,N’, N'-tetraacetate
(BAPTA) for 45 min (Fig. 6). This study revealed that in the
presence of BAPTA, the rapid activation of MAPK, observed
in response to E2, is inhibited.

DISCUSSION

Classically, estrogen is thought to manifest its biological ac-
tivity in target cells by binding to the estrogen receptor and
converting it into an active transcription factor. The ensuing
effects on target gene transcription and, ultimately, on cellular
phenotype occur over periods of hours or days. In addition to
these delayed responses, however, estrogens exert a variety of
rapid, nongenomic effects that may be critical for cell—cell
communication (36). Although the mechanism underlying
these rapid actions remains elusive, it appears that under
certain circumstances estrogens may act directly at the cell
membrane and exert effects on the activity of ligand-gated ion
channels and G protein-coupled second messengers and also
may be involved in the direct modulation of neurotransmitter
synthesis and release. It has been considered that the non-
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genomic actions of estrogens may be of particular importance
in the cardiovascular and nervous systems. Thus, although our
understanding of the molecular pharmacology of ER is still in
its infancy, it is apparent that the classical models, which
describe this receptor as a ligand-dependent transcription
factor, are incomplete and must be expanded to include ER as
a component of other cell-signaling pathways.

In the present study we show that treatment of MCF-7 cells
with estradiol leads to both a rapid activation of MAPK and
a mobilization of intracellular calcium stores. Furthermore,
the lack of MAPK activation and intracellular calcium re-
sponse in the absence of estrogen receptor, as observed in
HeLa cells, and the ability of the pure antiestrogen ICI 182,780
to inhibit E2-induced activity in MCF-7 cells strongly implicate
ER in this pathway. Our initial observation that physiologically
relevant concentrations of estradiol can mimic the activity of
EGF in two different cell-based assays—immunoblot and
immunohistochemistry—lends strong support to the hypoth-
esis that estrogen-mediated activation of MAPK is likely to be
biologically important. Furthermore, however, we must stress
that the heterogeneity observed in both the intensity of the
E2-mediated MAPK activation and in the variability of the
cytosolic calcium response at the level of individual cell may be
the result of a specific cellular phenotype; this variability may
reflect important cell type-specific differences in the physio-
logical role of the E2-mediated MAPK activation.

It has been suggested previously that E2 may interact with
type I protein tyrosine kinase receptors, particularly Neu/
erb-B2 coupled with the p21Ras/MAPK pathway, or, alter-
natively, that it may interact with a novel membrane receptor
(14,15, 37, 38). MAPK activation in response to growth factors
such as EGF and platelet-derived growth factor classically
proceeds via a Ras-mediated cascade that involves Raf-1
activation; in addition, receptors that couple to heterotrimeric
G proteins also activate MAPK. Depending on cell type and
the receptor involved, these signals have been shown to be
either dependent or independent of Ras, phosphatidylinositol
hydrolysis, and calcium influx (39). Within the limits of our
assays, it appears as if Raf-1 activation is not an important
component of E2-mediated MAPK activation in MCF-7 cells
and that these two pathways must converge at another point.
Indeed, experiments conducted in bone cells have indicated a
role for G proteins in the early events induced by E2 (40, 41).
The results of phosphoinositol measurements in MCF-7 cells
after E2 and EGF treatments led us to conclude that either the
release of Ins(1,4,5)Ps is not involved in this process or,
alternatively, that the pool of Ins(1,4,5)P5 mobilized is very
small and, thus, not detectable. The second messenger
Ins(1,4,5)P5 is known to link surface hormone receptors to the
release of intracellular calcium stores (42, 43) by binding to
specific receptors on the endoplasmic reticulum. However,
cytosolic calcium signals also are mediated by other mecha-
nisms, i.e., acting through ryanodine receptors (see refs. 44 and
45 for review). One possibility is that the activation of MAPK
is mediated by the ER in the cell cytoplasm by acting, either
directly or indirectly, on the intracellular Ca>* receptors and,
therefore, resulting in the release of this second messenger. In
this respect, the results obtained in response to TG treatment
are particularly interesting, because TG also was shown to
activate MAPK (Fig. 4, lane 3) and because the rise in [Ca?*];
in response to TG was similar to that seen with E2 (Fig. 5). In
addition, TG is known selectively to inhibit the endoplasmic
reticulum Ca?* ATPase and to empty the pool by preventing
Ca?* reuptake independently of inositol phosphate formation
(46, 47).

Previously, it has been shown that E2, in a rapid, non-
genomic manner, can facilitate both uptake of extracellular
calcium and release of intracellular calcium stores in cells
derived from the reproductive system and bone (2, 3, 40, 41).
Although Ca?* elevation has been shown in the past to lead to
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MAPK activation, it was important, in light of our results, to
link the two events. From our results we conclude that the
estradiol-induced release of calcium from intracellular stores
is the critical event that triggers the rapid activation of MAPK
in MCF-7 cells and may be a physiologically important com-
ponent of ER signaling in vivo.

Cumulatively, the data presented in this study strongly
support the hypothesis that the rapid effect of E2 on intracel-
lular calcium levels leads to an increase in MAPK, thus
defining a potentially important link between estrogen and the
cell cycle. This link between E2 and MAPK is intriguing and,
although under the conditions of our assay this activity is not
as robust as that manifested by EGF, it is likely that it is an
important component of ER signaling and may help to explain
some of the anomalous ER pharmacology that has been
observed in breast cancer. These data beg a reevaluation of the
relative contributions of genomic and nongenomic activities in
ER biology, an activity that is likely to support the develop-
ment of pharmaceutical agents that exert differential activities
in the two pathways.
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