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We examined the effect of estrogen on mitogen-acti-
vated protein kinase (MAPK) in osteoblastic cells. Rat
ROS 17/2.8 cells were exposed to 17B-estradiol (E,) and
MAPK activity in the cells was measured by an in vitro
phosphorylation assay. E, treatment caused a rapid
and transient MAPK activation within 5 min. Insulin-
like growth factor-1, which acts via their membrane
receptors, caused a similar effect, but it required 10
min to reach the maximum level. Western blot analyses
with anti-MAPK and anti-phosphotyrosine antibodies
demonstrated that the E, activation of MAPK was ac-
companied by phosphorylation of the enzyme. The
concentration range (10 nM-1 pM) of E, needed for this
MAPK activation was less than that (1 uM-0.1 nM)
needed for the transcriptional activation via the nu-
clear estrogen receptor (ER). These data provide the
first evidence of MAPK activation by E, through phos-
phorylation, which may be mediated through a puta-
tive plasma membrane receptor in the cultured bone
cells. © 1997 Academic Press

Steroid hormones exert most of their effects by direct
binding to specific nuclear receptors, which act as tran-
scriptional activators (1,2). In contrast, most growth
factors act through plasma-membrane receptors to
stimulate inherent intracellular signal pathways. On
this basis, the above two signalings have to date been
considered independent. However, recent studies have
indicated the presence of cross-talk between the actions
of steroid hormones and those of growth factors. For
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Abbreviations used: MAPK, mitogen-activated protein kinase; E,,
17p-estradiol; ER, estrogen receptor; IGF-I, insulin-like growth fac-
tor-1; EGF, epidermal growth factor; PT, pertussis toxin.

example, estrogen enhances the signaling of insulin-
like growth factor-1 (IGF-1) (3); likewise, the transcrip-
tional activity of estrogen is enhanced in the presence
of epidermal growth factor (EGF) and or IGF-1 (4,5).
These facts support the idea that both estrogen and
some growth factors may share a common pathway in
their signaling cascades. Evidence has accumulated for
the presence of estrogen actions mediated not by estro-
gen receptor (ER), but by unknown plasma-membrane
receptors. For instance, estrogen caused a rapid eleva-
tion of cCAMP or and a rapid release of intracellular
calcium in a cell-type-dependent manner (6,7,8). Fur-
thermore, estrogen may act as a ligand for ErbB2, a
member of the EGF receptor family (9). If these effects
of estrogen are transduced through membrane recep-
tors, it is highly possible that estrogen directly affects
the intracellular kinase cascades, which are also lo-
cated downstream of growth factor signaling and are
responsible for cross-talk with growth factors. One pos-
sible candidate for cross-talk is mitogen-activated pro-
tein kinase (MAPK). MAPK, a serine/threonine kinase,
is located in the common downstream of many growth
factor signal cascades and is essential for the triggering
of cell proliferation and or differentiation (10,11,12).

We report here that 17-estradiol (E,) causes rapid
MAPK activation in osteoblastic cells. Time course and
concentration-response studies with E, demonstrated
that this E, effect on MAPK may be caused through
not ER but a cell membrane receptor.

MATERIAL AND METHODS

Cells and materials. A rat osteoblast-like cell line, ROS17/2.8,
obtained from Riken Cell Bank (Wako, Saitama, Japan) was main-
tained in Ham's F-12 from Gibco (Gaithersburg, MD, USA) supple-
mented with 10% fetal bovine serum (FBS) (Gibco) at 37°C under
5% CO,. IGF-1 was obtained from Mallinckrodt Chemical (Paris,
France). 178-Estradiol and fatty-acid-free bovine serum albumin
(BSA) were obtained from Sigma. The MAP kinase assay system and
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Effect of E, (A) and IGF-1 (B) on the activity of MAPK in ROS17/2.8. Cells (3x10%) were treated with E, (107*°-107*? M) or IGF-

I (100 ng/ml) and harvested at the time indicated. Bottom shows a typical pattern of autoradiography of lysates dotted onto P-81 paper.
Each point on the graph represents the mean value of three independent experiments. Western blotting of MAPK in ROS17/2.8 treated
with E, or IGF-1 (C and D). Ten ul aliquot of cell lysates (6x10° cells/ml) from vehicle (C)- or 100 ng/ml IGF-1- or 107** M 17 S-estradiol
(E,)-treated cells were run on polyacrylamide gel and blotted onto a nitrocellulose membrane. The MAPK were probed with anti-MAPK
antibodies (anti-ERK1 and ERK?2) to detect the band shift of MAPK (shown in (C)) or with anti-phosphotyrosine antibody to detect a
tyrosine phosphorylation (shown in (D)). MAPK and P-MAPK indicate the signal bands of inactivated (i.e. unphosphorylated) MAPK and

activated (i.e. phosphorylated) MAPK, respectively.

[v-32P] ATP (specific activity, ~6000 Ci/mmol) were purchased from
Amersham (Little Chalfont, Buckinghamshire, England). Q-Sepha-
rose Fast Flow was obtained from Pharmacia (Uppsala, Sweden).
Anti-MAPK (ERK1 and 2) antibodies were purchased from Zymed
Laboratories, Inc. (San Francisco, CA, USA), and anti-phosphotyro-
sine antibody was obtained from UBI (Lake Placid, NY, USA).

Plasmid. The reporter plasmid was constructed by inserting a
synthetic oligonucleotide of a perfect estrogen response elememt
(ERE) (5'- AGGTCACTGTGACCT -3’) into pG-CAT (13), containing
the minimum promoter of S-globin gene and the gene encoding chlor-
amphenicol acetyltransferase (CAT).

In vitro MAP kinase assay. MAPK activity was measured as de-
scribed previously (14) using EGF receptor peptide as a substrate
instead of myelin basic protein (MBP). ROS17/2.8 maintained in

Ham’s F-12 without serum or phenol red for 36 h was treated with
E, (17 p-estradiol; 10 nM-1 pM) or IGF-I (100 ng/ml).

Immunoblot analysis of MAPK. The cell lysates of ROS 17/2.8
treated with E, (10 pM) or IGF-1 (100 ng/ml) were applied to SDS-
PAGE (10% polyacrylamide), and transferred to a nitrocellulose
membrane (Hybond-ECL, Amersham). These membranes were
probed with anti-MAPK anibodies or anti-phosphotyrosine antibody,
and then with the peroxidase-labeled second antibody. Antibody-
staining was visualized with an ECL system (Amersham).

CAT assay. ROS 17/2.8 cells were cultured in Ham'’s F-12 me-
dium without phenol red, supplmented with 10% charcoal-treated
FBS. The cells were transfected at 40-50% confluence to 100-mm
dishes with 2 ug of ERE-G CAT reporter plasmid, 0.5 ug of rat
ER expression vector, 3 ug of pCH110 g-galactosidase reporter
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Dose-response relationship for activation of MAPK (A) and for induction of ERE-mediated CAT activity (B) by E,. ROS17/

2.8 were treated with various concentrations of E, or control vehicle for 5 min (A) or 48 h (B). Bottom shows a typical view of

autoradiography.

plasmid and 14.5 pg of Bluescribe M13+ (Stratagene, La Jolla,
CA, USA) carrier DNA. The medium was replaced with to fresh
medium after 24 h. E, (1 uM-10 pM) was added to the medium 1
h after transfection at each exchange of medium. The cells were
harvested after 20 h and the cells lysed by freeze-thawing. CAT
assays, normalized for the S-galactosidase activity of each extract,
were performed as described (13).

RESULTS AND DISCUSSION

MAPK activation by treatment of osteoblast-like cells
with IGF-I or estrogen. Fig.1 A clearly shows that E,
rapidly activated MAPK in ROS17/2.8 cells. Maximum
activation of MAPK by E, was achieved at 5 min and
activity fell to control values within 30 min. Since IGF-
I is a well-known mitogen for bone cells (15), we used
it as a positive control for this assay. As shown in Fig.1
B, the addition of IGF-I caused a transient activation
of MAPK with a peak at 10 min.

Phosphorylation of MAPK by estrogen. MAPK has
been reported to be activated through phosphorylation
of both intramolecular tyrosine and threonine residues,
giving a slower migration during polyacrylamide elec-
trophoresis (16). As expected, Western blot analysis
revealed that E, caused a gel shift pattern of MAPK
exactly as IGF-1 did (Fig.1 C), a finding attributable to
the effect of phosphorylation of MAPK at its intramo-
lecular residues, including tyrosine residues (Fig.1 D).
These changes showed good correlation with total

MAPK activity (Fig.1 A and 1 B). Thus, estrogen acti-
vated MAPK within short periods possibly through pu-
tative membrane surface receptor(s).

Dose-response relationship of MAPK activation by es-
trogen. Dose-response studies revealed that low but
physiological concentrations of E, (10 nM-1 pM) were
able to induce the activation of MAPK in ROS17/2.8
cells (Fig.2 A). Full activation of MAPK was achieved
with 10 pM E,. On the other hand, higher concentra-
tions of E, (1 uM-0.1 nM) were needed for induction of
gene expression via ER (fig. 2 B). The most effective
concentration for transcriptional induction via ER was
0.1 uM E,.

These results show the first evidence that estrogen,
one of steroid hormones, causes a transient activation
of MAPK in bone cell line (Fig.1). This effect seems to
be one of non-genomic actions of estrogen, which is
independent of ER-mediated gene expression, since it
needed only 5 min to reach maximum activation of
MAPK (Fig.1 A) and activation of MAPK could be
achieved with a concentration of E, significantly lower
than that of its genomic effect (Fig.2). We recently
found that neither a transcriptional inhibitor (actino-
mycin D) nor a translational inhibitor (cycloheximide)
affected the estrogen-induced activation of MAPK. On
the other hand, pretreatment with pertussis toxin (PT),
an uncoupler of G-protein and mambrane receptors,
abrogated the E, activation of MAPK (our unpublished

101



Vol. 235, No. 1, 1997

results). In fact, evidence has been reported indicating
the presence of an estrogen-binding protein/receptor
located on plasma membrane (17). The effect of estro-
gen on MAPK might be related to the reported non-
genomic action of the hormone in which production of
inositol 1,4,5-trisphosphate and diacylglycerol in-
creased, because this was also prevented by pretreat-
ment with PT (8).

MAPK activation has been shown to be essential for
mitogenic signaling in many cell types inducing cell
proliferation or differentiation (10). MAPK activation
by estrogen therefore implies that estrogen shares a
part of its signaling pathway with some growth factors,
thereby being capable of directly regulating the cell
proliferation and differentiation. It may furthermore
be possible that this novel effect of estrogen is responsi-
ble for its tissue-specific effects, because the time
course of MAPK activation by estrogen is different be-
tween osteoblast-like cells and cells derived from mam-
mary gland and uterus (our unpublished results).

Several genes without ERE on their promoter, such
as IGF-1 and brain creatine kinase gene, have been
reported to be induced by estrogen (18,19). Because
MAPK has been shown to activate several transcrip-
tional factors through phosphorylation (20,21), acti-
vation of MAPK by estrogen may play an important
role in the gene induction via an ER-independent
manner. Indeed, our recent studies have shown that
phosphorylation of ER enhanced estrogen-mediated
transcription and that this phosphorylation can be
achieved by MAPK in a cell type-specific manner (22).
It is therefore possible that estrogen causes phos-
phorylation of some other nuclear receptors like ER
through MAPK activation, thereby modifying the ge-
nomic actions of estrogen.

In conclusion, the steroid hormone estrogen causes
activation of MAPK in a manner independent of ER in
osteoblast-like cells. This non-genomic effect of estro-
gen may play a crucial role in the proliferation and
differentiation of osteoblast-like cells, and may be, in
part, responsible for the mechanism(s) of the cell-spe-
cific action of estrogen.
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