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The aim of these studies was to elucidate a role for epidermal growth factor (EGF) signaling in the
transcriptional regulation of the glycoprotein hormone « subunit gene, a subunit of chorionic gonadotropin.
Studies examined the effects of EGF and the adenylate cyclase activator forskolin on the expression of a
transfected o subunit reporter gene in a human choriocarcinoma cell line (JEG3). At maximal doses, admin-
istration of EGF resulted in a 50% increase in a subunit reporter activity; forskolin administration induced a
fivefold activation; the combined actions of EGF and forskolin resulted in synergistic activation (greater than
eightfold) of the o subunit reporter. Mutagenesis studies revealed that the cyclic AMP response elements
(CRE) were required and sufficient to mediate EGF-forskolin-induced synergistic activation. The combined
actions of EGF and forskolin resulted in potentiated activation of extracellular signal-regulated kinase (ERK)
enzyme activity compared with EGF alone. Specific blockade of ERK activation was sufficient to block
EGF-forskolin-induced synergistic activation of the o subunit reporter. Pretreatment of JEG3 cells with a p38
mitogen-activated protein kinase inhibitor did not influence activation of the o reporter. However, overex-
pression of c-Jun N-terminal kinase (JNK)-interacting protein 1 as a dominant interfering molecule abolished
the synergistic effects of EGF and forskolin on the « subunit reporter. CRE binding studies suggested that the
CRE complex consisted of CRE binding protein and EGF-ERK-dependent recruitment of c-Jun—c-Fos (AP-1)
to the CRE. A dominant negative form of c-Fos (A-Fos) that specifically disrupts c-Jun—-c-Fos DNA binding
inhibited synergistic activation of the o subunit. Thus, synergistic activation of the o« subunit gene induced by
EGF-forskolin requires the ERK and JNK cascades and the recruitment of AP-1 to the CRE binding complex.

Chorionic gonadotropin (CG) is a heterodimeric glycopro-
tein hormone consisting of an a subunit common to other
glycoprotein hormone family members noncovalently linked to
a CG-specific B subunit (58). CG is synthesized and secreted by
placental syncytiotrophoblast cells during the first trimester of
pregnancy in women and nonhuman primates. CG is a lu-
teotropin required for maintenance of progesterone produc-
tion by the ovarian corpus luteum in early gestation. An im-
portant factor in the establishment of early pregnancy appears
to be the timing and rate of increase in the secretion of CG that
is highly correlated with a rise in progesterone levels in pe-
ripheral circulation (42). Insufficient progesterone production
during early pregnancy is correlated with the potential for early
or recurrent pregnancy loss in women (6, 7, 27, 47). Thus,
endocrine mechanisms that potentiate the synthesis of CG
subunits and CG secretion are essential for the establishment
of pregnancy. Despite the clear importance of CG to early
pregnancy, the specific ligands and signaling mechanisms that
regulate the expression of CG subunit genes in placental cells
have not been fully elucidated.

The a subunit of the glycoprotein hormones is a unique and
useful transcriptional model for the study of tissue-specific
gene expression because the o subunit gene is expressed in
placental and pituitary cells, albeit by various mechanisms.
Analysis of the architecture of the a subunit promoter revealed
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the presence of multiple promoter elements that are required
for transcriptional regulation. These include the pituitary gly-
coprotein hormone basal element, which binds members of the
LIM class of homeobox-containing proteins (67, 71, 72); the «
basal element (32); the gonadotrope-specific element, which
binds steroidogenic factor 1 (9, 36); the upstream regulatory
element (URE) (12, 26, 38, 59); the GATA element, which
binds several GATA factors (75); the dual tandem cyclic AMP
(cAMP) response elements (CREs), which bind CRE binding
protein (CREB) (5, 10, 12, 13, 22, 25, 32, 35, 52, 59, 74); the
junctional regulatory element (JRE) (4, 12); and a unique
CAAT box (12, 40). Extensive mutagenesis studies have begun
to unravel the specific requirements for different combinations
of cis-acting elements in cell-specific a subunit expression. In
pituitary cells, for example, analysis of the human o subunit
promoter revealed that pituitary-specific expression required
the pituitary glycoprotein hormone basal element, o basal el-
ement, gonadotrope-specific element, CREs, and URE (32,
71). In cells of placental origin, the URE, GATA, dual CREs,
JRE, and a unique CAAT box all contribute to basal tropho-
blast-specific promoter regulation to the human « subunit (4,
12,22, 32). However, the absolute contribution of each of these
five regulatory elements varies in level of transcriptional im-
portance. For example, mutations within the dual CREs ren-
der the a subunit promoter essentially silent in placental cells,
providing evidence for the absolute importance of the CREs.
Interestingly, mutations within the URE or the JRE/CAAT
box result in 80 to 90% loss in promoter activity despite the
presence of a wild-type CRE (12). Thus, the importance of the
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CRE:s in regulating basal « subunit gene expression appears to
be within the context of other critical cis elements within the a
subunit promoter (12). The emerging model for cell-specific
transcriptional regulation of the a subunit gene is that the ap-
propriate combinatorial code of cis elements and their cognate
binding proteins is required to regulate expression of the gene
(56).

Despite advances in our understanding of cell-specific reg-
ulation of the « subunit, our understanding of the mechanisms
of endocrine-inducible regulation of a subunit expression in
placental cells is less comprehensive. In placental trophoblasts,
studies of cell signaling have primarily elucidated the effects
of cAMP in increasing activation of protein kinase A (PKA)
and the subsequent phosphorylation-dependent activation of
CREB. Elevated levels of cAMP increase CRE-dependent ex-
pression of the genes encoding the a and B CG peptides in a
coordinated but distinct manner (2, 5, 11, 13, 19, 52). Interest-
ingly, combined activation of the cAMP/PKA and phorbol
ester/protein kinase C (PKC) signaling pathways results in
potentiated activation of the « subunit gene. However, the
mechanism(s) for this transcriptional response has not been
elucidated (5, 21). The dual tandem CREs of the a subunit
likely play a prominent role in inducible regulation by multiple
signaling cascades since this cis element has been shown to
bind CREB and other inducible factors such as c-Jun (25, 33).

In addition to regulation by PKA and PKC, trophoblasts
express receptors for epidermal growth factor (EGF) on their
cell surface as well as EGF itself (3), suggesting the possibility
for autocrine regulation by this growth peptide. EGF receptor
binding and subsequent activation alter trophoblast differenti-
ation (18, 55) and increase the synthesis and secretion of CG
from placental cells (8, 14, 37, 55, 64, 65). Mechanistically, the
effects of EGF on CG subunit synthesis appear to be mediated
primarily via stabilization of CG subunit mRNA rather than a
direct increase in the rate of transcription in human tropho-
blast cells (14). Recent evidence (51) derived from a rat tro-
phoblast cell model (Rcho-1 cells) suggests that the human «
subunit is directly regulated by EGF signaling through CREB
phosphorylation. However, similar studies have not been con-
ducted in human cell lines in which the « subunit gene is
expressed endogenously. In the present study, we sought to
examine the role of EGF stimulation on induction of the gly-
coprotein hormone a subunit promoter in the human chorio-
carcinoma cell line JEG3. We demonstrate that unlike the case
in Rcho-1 cells, acute EGF administration alone only modestly
enhances a subunit gene activation. However, concurrent ad-
ministration of EGF and activation of the cAMP/PKA pathway
resulted in synergistic activation of the a subunit gene.

MATERIALS AND METHODS

Plasmids, hor gonists, and r ts. All plasmids were prepared by
two cycles through cesium chloride by standard methods. Human o —880 lucif-
erase and the CRE(—) « subunit luciferase reporters were a gift from Richard A.
Maurer (Oregon Health Sciences University, Portland) and contained nucleo-
tides —846 to +42 of the 5'-flanking region of the o subunit gene. The human
«-204 luciferase reporter was prepared by PCR with the o —846 luciferase
reporter as a template. The —204 deletion was confirmed by nucleotide sequence
analysis and essentially contained the URE, the CREs, the JRE, and the CCAAT
box. Mutations in the individual CREs within the « subunit promoter were
accomplished by oligonucleotide-directed mutagenesis as described before (66,
67). Each individual CRE was replaced with a NotI restriction site (5'GCGGC
CGC3'), generating ha-204-CRE1-MUT-luc and ha-204-CRE2-MUT-luc. Mu-
tagenesis was confirmed by nucleotide sequence analysis. The human a CRE-
Prl-luciferase reporter was constructed by cloning annealed oligonucleotides for
the dual tandem CRE from the « subunit gene into the Smal site in the reporter
Prl-luciferase (a gift from D. Duval and C. Clay, Colorado State University, Fort
Collins). The Prl-luciferase reporter contains the TATAA box from the prolactin
gene cloned upstream of the luciferase coding sequence in the luciferase reporter
pGL3 (Promega, Madison, Wis.). The synthesized CRE oligonucleotides were
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purchased from Gibco-BRL (Gaithersburg, Md.). The nucleotide sequences for
the oligonucleotides were 5’GGGATTGACGTCATGGTAAAAATTGACG
TCATG3' and 5'CATGACGTCAATTTTTACCATGACGTCAATCCC3'. The
orientation of the annealed CRE oligonucleotide in Prl-luciferase was confirmed
by restriction analysis; the proper orientation of the CRE relative to luciferase
reestablishes a Smal restriction site. The expression vector for Raf-CAAX was a
gift from Linda VanAelst (Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.). The expression vector for cytomegalovirus JNK-interacting protein
(CMV-JIP) was a gift from Roger Davis (University of Massachusetts, Worces-
ter). The expression vectors for c-Jun and c-Fos were gifts from Paul Dobner
(University of Massachusetts, Worcester) and Michael Greenberg (Harvard
Medical School, Boston, Mass.). The expression vector for A-Fos and CMV/500
were a gift from Charles Vinson (National Cancer Institute, Bethesda, Md.).

Forskolin was purchased from Sigma (St. Louis, Mo.) and resuspended at a
stock concentration of 1 mM in dimethyl sulfoxide (DMSO). EGF was purchased
from Gibco-BRL and resuspended at a stock concentration of 1 mg/ml in Dul-
becco’s phosphate-buffered saline. PD98059 was purchased from New England
Biolabs (Beverly, Mass.) and resuspended at a stock concentration of 50 mM in
DMSO. SB203580 was purchased from Calbiochem (La Jolla, Calif.) and resus-
pended at a stock concentration of 20 mM in DMSO. All tissue culture media
were purchased from Sigma. Fetal bovine and horse sera were purchased from
Gibco-BRL. Luciferin and the transcription and translation reticulocyte lysate kit
were purchased from Promega.

Cell culture, transient transfection, and luciferase assay. The human chorio-
carcinoma cell line JEG3 was cultured in monolayers with Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum. The rat
lactotrope cell line GH3 was cultured in monolayers with DMEM supplemented
with 15% horse serum and 2.5% fetal bovine serum. Prior to all studies, cell
cultures were split to fresh medium and cultured to approximately 50% conflu-
ence. All transient-transfection studies were conducted as described previously
(65, 66). In transfection studies requiring agonist administration, cells were
treated with forskolin and/or EGF at the concentrations noted for individual
experiments for 6 h prior to collection (18 h following electroporation) except in
Fig. 1. In Fig. 1, transfected cells received control solution, EGF alone, forskolin
alone, or the combination of forskolin and EGF, all administered at time zero.
Time zero was designated as the starting point of a 6-h period of agonist
administration. Some cells received a 4-h pretreatment (administered at —4 h
relative to time zero) with EGF. This was followed by administration of control
solution or forskolin at time zero. All cells in these studies were collected 6 h
later. PD98059 (50 wM) or SB203580 (20 M) was used in some experiments and
administered to cells 15 min prior to agonist administration. Following cell
collection, lysates were prepared by three freeze-thaw cycles and clarified by
centrifugation, and luciferase activity was determined as described before (23, 66,
67). All transfection studies were conducted in triplicate on at least three sepa-
rate occasions with similar results. Data shown are reported as means (n = 3) =
standard errors of the mean and were analyzed by analysis of variance to detect
treatment interactions.

Preparation of nuclear extracts and CRE pull-down assays. JEG3 cells were
serum starved for 2 h prior to preparation of nuclear extracts. Nuclear extracts
were prepared following administration of either control solution, EGF, forsko-
lin, or the combination of EGF and forskolin as described for the transient-
transfection studies. Hormones were administered for a total of 2 h. Plates were
placed on an ice bed, and cells were washed with HEPES-buffered saline (HBS;
10 mM HEPES [pH 7.4]-150 mM NaCl). Cells were collected by scraping into
ice-cold HBS and pelleted by centrifugation (2,000 rpm for 15 min). Cells were
lysed in a Dounce homogenizer, and nuclei were isolated using the sucrose
cushion method described previously (66, 67). Nuclei were resuspended in a
buffer containing 10 mM HEPES (pH 7.4), 2.5 mM MgCl,, 3.6 mM KCI, 150 mM
NaCl, 10% glycerol, 1 mM dithiothreitol, 5 mM benzamadine, and 0.2 mM
phenylmethylsulfonyl fluoride (PMSF). This buffer is referred to as binding
buffer. Nuclear proteins were extracted by adding additional NaCl (in binding
buffer) to a final concentration of 450 mM and incubating the extract for 30 min
at 4°C with constant rocking. Nuclear debris was removed by centrifugation, and
protein concentration was determined by the Bradford assay. Nuclear extracts
were aliquoted and stored at —80°C until later use.

CRE oligonucleotides were synthesized as described above except that the
sense strand was biotinylated at the 5’ termini during the synthesis reaction.
Equal amounts of each oligonucleotide were resuspended in binding buffer,
heated to 100°C for 10 min, and allowed to cool slowly to room temperature.
Streptavidin-agarose (SA) beads (Sigma) were washed four times in binding
buffer, resuspended in binding buffer containing annealed CRE oligonucleotides,
and allowed to batch bind for 1 h with constant rocking at 4°C. Bound CRE-SA
beads were washed four times in binding buffer and resuspended at a final
approximate CRE concentration of 2 pmol/ul of SA beads. CRE binding reac-
tions were carried out in binding buffer containing 50 pmol of bound CRE, 10 pg
of sonicated salmon sperm DNA, and 100 g of nuclear protein in a total volume
of 500 wl. Binding reactions were carried out for 2 h at 4°C with constant rocking.
Bound complexes were washed six times (1 ml each) in binding buffer and re-
suspended in 75 ul of 2X sodium dodecyl sulfate (SDS) loading buffer (100 mM
Tris [pH 6.8], 4% SDS, 5% glycerol, 0.01% bromophenol blue). The constituents
of the binding complexes were examined by immunoblot analysis, described
below. These experiments were carried out with three separate nuclear extracts
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prepared on separate occasions. Results were similar with all three nuclear
extracts.

Antibodies, immunoblot analysis, and immunoprecipitation (IP) kinase as-
says. CREB antibody was generously supplied by R. A. Maurer (Oregon Health
Sciences University) and used at a titer of 1:5,000 with nonfat dry milk (5%) as
a blocking agent. Antibodies for c-Jun, c-Fos, INK1, ERK2, p38, all secondary
antibodies coupled to horseradish peroxidase, and protein A/G plus agarose
were purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.). Phospho-
rylation-specific extracellular signal-regulated kinase (ERK) and p38 antibodies
were purchased from New England Biolabs and used per the manufacturer’s
instructions.

For studies of the effects of agonist administration on cell signaling compo-
nents, JEG3 cells were plated at approximately 50% confluence and serum
starved for 2 h prior to agonist administration. In some experiments, PD98059
was administered 15 min prior to agonist administration. Agonists were admin-
istered for the specified times (see individual experiments), plates were placed on
ice, and cells were washed with ice-cold HBS. Cells were lysed in a radio-
immunoprecipitation assay (RIPA) buffer containing 20 mM Tris (pH 8.0), 137
mM NaCl, 10% glycerol, 1% NP-40, 0.1% SDS, 0.5% deoxycholate, 2 mM
EDTA, 5 mM sodium vanadate, 5 mM benzamadine, and 0.2 mM PMSF. Debris
from cell lysates was cleared by centrifugation, and lysates were suspended in an
equal volume of 2X SDS loading buffer. All protein samples were boiled for 5
min and chilled briefly on ice prior to loading on gels. For Western blotting,
proteins were resolved by SDS-polyacrylamide gel electrophoresis (PAGE) and
transferred to polyvinylidene difluoride membranes by electroblotting. The
membranes were blocked, and antibodies were applied at titers specific to each
antibody (per the manufacturer). Proteins were visualized by chemiluminescence
with reagents purchased from NEN-DuPont (Boston, Mass.).

Analysis of JNK activity was accomplished by IP followed by an in vitro kinase
assay. Cell lysates were prepared in RIPA buffer as described above. JNK
antibody (0.5 wg/200 pl of cell lysate) was added to the cell lysate with protein
A/G-agarose and mixed by rocking for 2 h at 4°C. Protein A/G-agarose beads
containing JNK activity were washed twice (1 ml each) with ice-cold RIPA buffer.
Beads were then washed twice (1 ml each) in an ice-cold buffer containing 20 mM
Tris (pH 8.0), 137 mM NaCl, 10% glycerol, 1% NP-40, 2 mM EDTA, 5 mM
sodium vanadate, 5 mM benzamadine, and 0.2 mM PMSF. The beads were
finally washed in 1 ml of ice-cold kinase buffer containing 20 mM HEPES (pH
7.4), 20 mM MgCl,, 25 mM B-glycerol phosphate, 100 uM sodium vanadate, 20
M ATP, and 2 mM dithiothreitol. The beads were then resuspended in kinase
buffer (50 ul) containing 5 p.Ci of [y-*?P]JATP and approximately 1 ug of bac-
terially expressed and partially purified glutathione-S-transferase (GST)-ATF2
as a substrate. Incubation of the kinase reaction mixture was carried out for 30
min at 30°C with frequent mixing. The kinase reaction was terminated by the
addition of 50 pl of 2X SDS loading buffer. Samples were boiled, resolved by
SDS-PAGE, and visualized by autoradiography. All of the studies were repeated
on at least three separate occasions with similar results.

Preparation of AP-1 in reticulocyte lysates and EMSA. Expression vectors for
c-Fos and c-Jun were used in a coupled transcription and translation synthesis
reaction in reticulocyte lysates. Individual preparations were mixed and incu-
bated at 37°C for 60 min to allow heterodimer formation. Electrophoretic mo-
bility shift assays (EMSAs) were conducted essentially as described before (67).
Briefly, activator protein 1 (AP-1) binding activity from reticulocyte lysates was
mixed with binding buffer, 1 pg of poly(dI-dC), and specific antisera (c-Fos,
c-Jun, and Ets antibodies; Santa Cruz Biotechnology) and maintained at
room temperature for 45 min. CRE oligonucleotides were radiolabeled with
polynucleotide kinase and [y->*P]ATP. Labeled CRE probe (approximately 0.06
pmol) was then added and incubated further for 30 min at room temperature.
The binding reactions were resolved on native polyacrylamide gels. The gels were
dried, and DNA-protein complexes were visualized by autoradiography.

RESULTS

Combined actions of EGF and forskolin induce synergistic
activation of the glycoprotein hormone « subunit gene in JEG3
cells. We initially conducted dose-response studies with EGF
and forskolin to determine the conditions for maximum bio-
logical response to agonists, using activation of a glycoprotein
hormone a subunit-luciferase reporter as an endpoint in JEG3
cell transfection studies. Transfections were carried out by
electroporation. The transfected cells were administered in-
creasing doses of EGF (0, 10, 25, 50, and 100 ng/ml) or fors-
kolin (0, 0.1, 1, and 10 uM), and cell lysates were examined for
luciferase activity. At the dose of EGF that resulted in maximal
response (50 ng/ml), a subunit reporter expression was in-
duced 1.53 (£0.25)-fold. At the dose of forskolin that resulted
in maximal response (1 wM), a subunit reporter expression
was induced 5.34 (*1.1)-fold. All remaining studies were con-
ducted with these doses of agonists. We examined the effects of
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FIG. 1. EGF and forskolin synergistically activate the glycoprotein hormone
o subunit gene. JEG3 cells were transfected by electroporation with 500 ng of a
reporter gene containing nucleotides —846 to +42 of 5'-flanking sequences from
the human glycoprotein hormone « subunit gene fused upstream of a luciferase
reporter. Approximately 18 h following transfection, cells received control solu-
tion, EGF (50 ng/ml), forskolin (1 pM), or the combination of EGF and forskolin
(time zero). Six hours later, cells were scraped, and lysates were prepared by
three freeze-thaw cycles and assayed for luciferase activity. Some transfected
cells received EGF 14 h following transfection (EGF @ —4h). These cells
received either control solution or forskolin at time zero (EGF @ —4h +
Forskolin). Cells were collected 6 h following time zero. Luciferase activity is
reported as relative activity * standard error of the mean from a single repre-
sentative experiment (n = 3 independent electroporations per treatment). All
transfection studies were conducted on at least three separate occasions (in
triplicate) with similar results.

each agonist alone and in combination on a subunit reporter
gene activity (Fig. 1). The response to EGF and forskolin ad-
ministration was consistent with the preliminary dose-response
studies, in which EGF alone induced an approximately 1.5-fold
increase in a subunit promoter activity, while forskolin induced
reporter gene activity approximately fivefold (Fig. 1). When
both agonists were administered concurrently, the combined
effects of EGF and forskolin induced « subunit reporter gene
activation approximately 8.5-fold. Analysis of variance of these
data revealed a statistically significant (P = 0.0018) interaction
between the main effects of EGF and forskolin. The combined
effects of EGF and forskolin were more than additive, repre-
senting synergistic activation. We then examined whether con-
current administration of both agonists was required to induce
synergistic activation of the a subunit gene. Administration of
forskolin 4 h after EGF application did not result in synergistic
activation of the o reporter (Fig. 1). These studies support the
conclusion that synergistic activation of the o subunit reporter
requires concurrent activation of both the EGF- and forskolin-
inducible signaling cascades.

To determine the DNA sequences required for EGF-fors-
kolin-induced expression of the « subunit, deletion mutagen-
esis experiments were performed. We compared the effects of
EGF and forskolin on reporters containing either nucleotides
—846 to +42 or —204 to +42 of the 5'-flanking region of the
a subunit gene (Fig. 2). The results from transient-transfection
studies revealed that sequences upstream of —204 within the
5'-flanking region of the a subunit gene were not required for
synergistic activation by EGF and forskolin (Fig. 2A). Since the
effect(s) of EGF appeared to augment the effect(s) of forsko-
lin, likely through activation of PKA and subsequent CREB
activation, we examined the activity of an « subunit reporter
construct in which the CREs had been deleted within the
context of the —204 to +42 promoter region. The results of
these studies reveal that in the absence of the dual tandem
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FIG. 2. Dual tandem CREs within the a subunit promoter are minimally required for synergistic transcriptional activation by EGF and forskolin. JEG3 cells were
transfected by electroporation with 500 ng of an « subunit reporter containing (A) nucleotides —846 to +42 (ha-880 luc) or —204 to +42 (ha-204 luc) of 5'-flanking
sequence coupled to a luciferase reporter; (B) ha-204luc with dual tandem CREs deleted (ha-204Acre luc); or (C) the dual tandem CREs fused upstream of a minimal
promoter from the prolactin gene coupled to a luciferase reporter (ha-CRE-Pr1l luc). Agonists were administered for a 6-h period as described in the legend to Fig.
1, and luciferase activity was assayed. Luciferase activity is reported as relative activity = standard error of the mean from a single representative experiment (n = 3
independent electroporations per treatment). All transfection studies were conducted on at least three separate occasions (in triplicate) with similar results.

CREs, o subunit promoter activity was reduced by approxi-
mately 95% and the reporter was no longer responsive to the
actions of forskolin or EGF and forskolin (ha-204Acre luc; Fig.
2B). We examined the possibility that the dual tandem CREs
alone were sufficient to mediate synergistic transcriptional ac-
tivity. A single copy of the dual tandem CREs was cloned im-
mediately upstream of the prolactin minimal promoter fused
to the luciferase gene (haCRE-Prl-Luc; Fig. 2C). The dual
tandem CRE-luciferase reporter was clearly sufficient to me-
diate synergistic transcriptional activation consistent with the
—846 and —204 « subunit promoter fragments. In the absence
of the CRE, the prolactin minimal promoter coupled to lucif-
erase was essentially silent and was not affected by the admin-
istration of EGF and forskolin (data not shown). The results of
these studies support the conclusion that the a subunit CREs
were required and sufficient to mediate the combined effects of
EGF and forskolin.

Synergistic activation of the « subunit by EGF and forskolin
is cell specific. The data presented support the conclusion that
EGF- and forskolin-induced cell signaling together are re-
quired for synergistic activation of the « subunit gene in the
JEG3 placental cell line. We examined the possibility that the
o subunit or the CRE-Prl-luciferase reporters would be in-
duced in a similar manner in a heterologous cell type, since the
components of EGF- and forskolin-induced cell signaling cas-
cades are likely ubiquitous. The rat pituitary lactotrope cell
line GH3 was an ideal heterologous cell model, since GH3

cells are EGF responsive (76, 85) and numerous studies of
CREB activity have been carried out with this cell model (77—
79). GH3 cells were transfected with the a subunit or the CRE-
Prl-luciferase reporter, and luciferase activity was examined
following administration of control solution, EGF, forskolin,
or the combination of EGF and forskolin. In GH3 cells, nei-
ther reporter was EGF responsive. Both reporters were clearly
induced by forskolin administration to a similar magnitude as
observed in JEG3 cells (four- to sixfold) (Fig. 3). Interestingly,
in GH3 cells, the combined effect(s) of EGF and forskolin on
these reporters was not different from that of forskolin treat-
ment alone. The GH3 cells used for these studies were EGF
responsive, based upon studies examining changes in tyrosine
phosphorylation of intracellular proteins by immunoblot anal-
ysis (data not shown). Similar results were observed with HeLa
cells (data not shown). These studies support the conclusion
that the ability of EGF and forskolin to induce synergistic
activation of the a subunit is cell type specific.

EGF and forskolin administration results in potentiated
ERK activation in JEG3 cells. One of the principal signaling
pathways induced by EGF receptor activation is the ERK
cascade (45). The magnitude and duration of EGF-induced
ERK activation can vary with cell type. In an effort to gain
insight into the signaling mechanisms involved in the synergis-
tic induction of the a subunit gene, an extended time course
for EGF-induced ERK activation was examined (Fig. 4A).
ERK activity was measured by immunoblot analysis with a
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FIG. 3. Activation of the o subunit by EGF and forskolin is cell type specific. GH3 cells were transfected by electroporation with 500 ng of an « subunit reporter
(ha-880-luc; 500 ng) or the dual tandem CREs fused upstream of a minimal promoter from the prolactin gene coupled to a luciferase reporter (ha-CRE-Prl-luc).
Transfected cells were cultured for 18 h. Agonists were administered for a 6-h period as described in the legend to Fig. 1, and luciferase activity was assayed. Luciferase
activity is reported as relative activity = standard error of the mean from a single representative experiment (n = 3 independent electroporations per treatment). All
transfection studies were conducted on at least three separate occasions (in triplicate) with similar results.

phosphorylation-specific antibody that recognizes the dual
phosphorylated forms of p42 and p44 ERK. As expected, EGF
induced robust ERK activation that peaked at 30 min and
remained measurable for up to 4 h following treatment. Fors-
kolin administration did not induce any apparent activation of
the ERK pathway. Interestingly, the combined actions of EGF
and forskolin resulted in potentiated activation of the ERK
cascade. The levels of ERKs (regardless of phosphorylation)
were similar in each lane (Fig. 4A). Potentiation of ERK ac-
tivation by EGF and forskolin was also observed in an in vivo
ERK activation assay in which a Gal4-EIk1 fusion protein was
expressed in combination with a Gal4-dependent luciferase
reporter (Fig. 4B) (66). These studies revealed that the level of
Elk1 transcriptional activity was increased by EGF treatment
but not by forskolin administration. Consistent with biochem-
ical studies of ERK phosphorylation, the combined actions of
EGF and forskolin resulted in a synergistic activation of the
Gal4-EIk1 fusion protein.

Activation of the ERK pathway required but not sufficient
for synergistic activation of the o subunit. Thus far, our stud-
ies have implicated EGF-induced activation of the ERK path-
way in potentially contributing to the activation of the « sub-
unit gene. We sought to disrupt EGF signaling to the ERK
cascade to examine the requirement for the ERK pathway for
synergistic activation of the « subunit reporter. Initial studies
confirmed that pretreatment of JEG3 cells with PD98059 re-
duced the magnitude and duration of EGF-induced ERK ac-
tivation (Fig. SA). In parallel experiments, administration of
PD98059 was sufficient to block the synergistic activation of the
a subunit reporter induced by concurrent administration of
EGF and forskolin (Fig. 5B). Administration of PD98059 did
not influence forskolin-induced o subunit reporter activity,
suggesting that the pharmacological actions of this MEK-1
inhibitor were specific. These studies confirm that EGF-in-
duced ERK activation was required for synergistic activation of
the a subunit promoter.

We next examined the possibility that activation of the ERK
pathway by overexpression of a constitutively active form of
Raf kinase (Raf-CAAX) was sufficient (in combination with
forskolin) to mediate synergistic activation of the « subunit.
JEGS3 cells were cotransfected with the « subunit reporter and
a control plasmid or the Raf-CAAX expression vector. The
transfected cells were cultured overnight and then stimulated
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FIG. 4. Influence of EGF and forskolin on induction of the ERK pathway in
JEGS3 cells. (A) JEG3 cells were plated at approximately 60% confluence and
serum starved for 2 h. Cells were administered control solution, EGF, forskolin,
or EGF plus forskolin for 0, 0.5, 1, 2, or 4 h. Whole-cell lysates were prepared
and resolved by SDS-PAGE. Western blot analliysis was conducted with a phos-
phorylation-specific ERK (p-p42FRK and p-p44=RK) antibody. The blot was then
stripped and regrobed with an ERK antibody to determine equivalent loading of
each lane (p425RK and p44FRK). (B) JEG3 cells were cotransfected by electro-
poration with a luciferase reporter (1 ng) containing five Gal4 binding sites
coupled to the E1B minimal promoter and the luciferase coding sequence and an
expression vector for Gal4-Elkl transactivation domain fusion (Gal4-Elk1, 1 pg).
Eighteen hours later, cells were administered control solution, EGF, forskolin, or
the combination of EGF plus forskolin. Luciferase activity was determined 6 h
later. Luciferase activity is reported as relative activity = standard error of the
mean from a single representative experiment (n = 3 independent electropora-
tions per treatment). All transfection studies were conducted on at least three
separate occasions (in triplicate) with similar results.
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FIG. 5. Blockade of the ERK cascade abolishes synergistic activation of the
a subunit by EGF and forskolin. (A) JEG3 cells were plated at approximately
60% confluence and serum starved for 2 h. Cells were administered EGF plus
forskolin (E + F) for 0, 0.5, 1, 2, or 4 h in the absence (control) or presence of
PD98059 (50 wM). Whole-cell lysates were prepared and resolved by SDS-
PAGE. Western blot analysis was conducted with a phosphorylation-specific
ERK (p-p425RK and p-p44ER¥) antibody. The blot was then stripped and re-
probed with an ERK antibody to determine equivalent loading of each lane
(p42FRK and p44ERK) (B) JEG3 cells were transfected by electroporation with
ha-880-luc as described in the legend to Fig. 1. Fifteen minutes prior to admin-
istration of agonists, some cells received PD98059 (50 wM). Luciferase activity
was determined 6 h following agonist administration. Luciferase activity is re-
ported as relative activity * standard error of the mean from a single represen-
tative experiment (n = 3 independent electroporations per treatment). All trans-
fection studies were conducted on at least three separate occasions (in triplicate)
with similar results.

with control solution or forskolin for a 6-h period. Luciferase
activity was then determined. The addition of expression vec-
tor for Raf-CAAX did not potentiate the effects of forskolin on
the a subunit reporter (Fig. 6A). In a control study, the same
dose of Raf-CAAX expression vector cotransfected with the
Gal4-Elk1 expression vector and the Gal4-dependent lucif-
erase reporter was sufficient to induce robust activation of the
Elkl fusion protein, demonstrating the efficacy of the Raf-
CAAX expression vector (Fig. 6B). These studies provide ev-
idence that ERK activation alone is not sufficient to mediate
synergistic activation of the « subunit.

EGF induces the p38 MAPK and JNK pathways in JEG3
cells. For many tyrosine kinase and serpentine receptors, li-
gand-mediated activation of multiple mitogen-activated pro-
tein kinase (MAPK) cascades appears to be the rule rather
than the exception (16, 29, 30, 69). We investigated the possi-
bility that EGF receptor activation resulted in activation of
multiple MAPK pathways in placental cells. EGF administra-
tion resulted in transient activation of the p38 MAPK (Fig. 7A)
and JNK (Fig. 8A) pathways. The activity of both enzymes
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peaked at 30 min and was reduced greatly by 1 h following
hormone administration. The combined effects of EGF and
forskolin did not appear to potentiate activation of either the
p38 MAPK or JNK signaling pathway (Fig. 7A and 8A). Spe-
cific disruption of the p38 MAPK cascade is possible with the
pyridinyl imidazole SB203580 (17). We have recently demon-
strated that administration of SB203580 at the doses used in
the present experiment was sufficient to attenuate gonado-
tropin-releasing hormone/p38 MAPK-induced c-fos reporter
activity in aT3-1 cells (68). In JEG3 cells, pretreatment with 20
M SB203580 did not alter the effects of EGF, forskolin, or
the combined action of EGF and forskolin on the o subunit
reporter (Fig. 7B). Thus, despite the fact that EGF receptor
activation results in a marked increase in p38 MAPK activity in
JEG3 cells, these studies do not provide any evidence that p38
MAPK is required for synergistic activation of the o subunit by
EGF and forskolin.

Specific pharmacological inhibition of the JNK signaling cas-
cade is problematic due to the lack of reagents that specifically
inhibit this enzyme. Recently, JIP-1, a cytoplasmic inhibitor of
the JNK pathway, was cloned and characterized (24, 43). We
used overexpression of this putative dominant negative expres-
sion vector to disrupt JNK signaling to determine a potential
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FIG. 6. ERK activation by overexpression of Raf-CAAX is not sufficient to
mediate synergistic activation of the o subunit. (A) JEG3 cells were cotrans-
fected by electroporation with an a subunit reporter (ha-880-luc; 500 ng) and 2.5
ng of control plasmid (pcDNA3) or expression vector for Raf-CAAX, a consti-
tutively active form of Raf kinase. Eighteen hours later, control solution (open
bars) or forskolin (solid bars) was administered for a 6-h period as described in
the legend to Fig. 1, and luciferase activity was determined. (B) JEG3 cells were
cotransfected by electroporation with a luciferase reporter (1 pug) containing five
Gal4 binding sites coupled to the E1B minimal promoter and the luciferase
coding sequence with an expression vector (1 pg) encoding a Gal4 DNA-binding
domain-EIk1 transactivation domain fusion. Some cells were also transfected
with control plasmid (pcDNA3; 2.5 pg) or Raf-CAAX (2.5 pg). Twenty-four
hours later, cells were lysed, and luciferase activity was determined. Luciferase
activity is reported as relative activity + standard error of the mean from a single
representative experiment (n = 3 independent electroporations per treatment).
All transfection studies were conducted on at least three separate occasions (in
triplicate) with similar results.
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FIG. 7. Influence of EGF and forskolin on activation of the p38 MAPK
cascade. (A) JEG3 cells were plated at approximately 60% confluence and serum
starved for 2 h. Cells were administered control solution, EGF, forskolin, or EGF
and forskolin for 0, 0.25, 0.5, or 1 h. Whole-cell lysates were prepared and
resolved by SDS-PAGE. Western blot analysis was conducted with a phosphor-
ylation-specific p38 antibody (p-p38™MAFK). The blot was then stripped and re-
probed with a p38 antibody (p38MAFK) to determine equivalent loading in each
lane. (B) In separate studies, JEG3 cells were transfected by electroporation with
an a subunit reporter (ha-880-luc; 500 ng) and cultured for 18 h. Fifteen minutes
prior to agonist administration, some cells received control solution (DMSO) or
SB203580 (20 wM). Agonists were administered for a 6-h period as described in
the legend to Fig. 1, and luciferase activity was assayed. Luciferase activity is
reported as relative activity * standard error of the mean from a single repre-
sentative experiment (n = 3 independent electroporations per treatment). All
transfection studies were conducted on at least three separate occasions (in
triplicate) with similar results.

role for this signaling cascade in the synergistic activation of
the « subunit reporter. Transfection of the JIP-1 expression
plasmid in JEG3 cells resulted in an 85% increase in basal «
subunit reporter activity with a minimal effect on induction of
the reporter by forskolin (forskolin induced a 5.4-fold versus
4.7-fold induction for control versus JIP, respectively) (Fig.
8B). Furthermore, overexpression of the JIP-1 expression vec-
tor attenuated the synergistic effects of EGF and forskolin on
the a subunit reporter (EGF combined with forskolin induced
an 8.1-fold increase for controls versus 5.0-fold induction for
JIP-overexpressing cells) (Fig. 8B). Statistical analysis of these
data revealed no significant treatment interaction. Similar re-
sults were observed at lower doses of JIP expression vector
(data not shown), suggesting that the dose used induced max-
imal inhibition. The effects of the JIP-1 expression vector were
specific, since this putative dominant negative expression vec-
tor did not interfere with Raf kinase-induced activation of the
Gal4-Elk1 fusion protein (Fig. 9C). Additional studies con-
firmed that JIP overexpression did not interfere with EGF-
mediated induction of ERK activation examined by immuno-
blot analysis with the phosphorylation-specific ERK antibody
(data not shown). These data implicate a potential role for
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FIG. 8. JNK cascade required for synergistic activation of the o subunit. (A)
JEGS3 cells were plated at approximately 60% confluence and serum starved for
2 h. Cells were administered control solution, EGF, forskolin, or EGF and
forskolin for 0, 0.5, 1, 2, or 4 h. Whole-cell lysates were prepared, and equal
amounts of lysate were subjected to IP with a JNK antibody and protein A-aga-
rose. JNK activity was determined by an in vitro kinase assay with GST-ATF2 as
a substrate. The kinase reaction products were resolved by SDS-PAGE and
visualized by autoradiography. (B) JEG3 cells were cotransfected by electropo-
ration with an « subunit reporter (ha-880-luc; 500 ng) and 10 pg of control
plasmid (pcDNA3) or expression vector for JIP (CMV-JIP). Eighteen hours
later, agonists were administered for a 6-h period as described in the legend to
Fig. 1, and luciferase activity was assayed. (C) JEG3 cells were cotransfected by
electroporation with a luciferase reporter (1 ug) containing five Gal4 binding
sites coupled to the E1B minimal promoter and the luciferase coding sequence
with an expression vector (1 pg) encoding a Gal4 DNA-binding domain-Elk1
transactivation domain fusion. Some cells were also transfected with control
plasmid (pcDNA3; 12.5 pg), a constitutively active form of Raf kinase (Raf-
CAAX; 2.5 pg) plus pcDNA3 (10 pg) or the combination of Raf-CAAX (2.5 pg)
and an expression vector for JIP-1 (CMV-JIP; 10 ug). Twenty-four hours later,
cells were lysed, and luciferase activity was determined. Luciferase activity is
reported as relative activity = standard error of the mean from a single repre-
sentative experiment (n = 3 independent electroporations per treatment). All
transfection studies were conducted on at least three separate occasions (in
triplicate) with similar results.
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FIG. 9. EGF treatment recruits AP-1 to the CRE binding complex. JEG3
cells were plated at approximately 60% confluence and cultured overnight. The
cells were then serum starved for 2 h and received control solution (0.1%
DMSO; lane C), EGF (50 ng/ml; lane E), forskolin (1 wM; lane F), or the
combination of agonists (lane E+F) for a 2-h treatment period. Some cells
received PD98059 (50 pM) for 15 min prior to administration of agonists. Nuclei
were isolated, and nuclear extracts were prepared. Nuclear extract (200 p.g) was
mixed in a binding reaction with biotinylated CRE oligonucleotides coupled to
SA beads in a CRE pull-down experiment (see Materials and Methods). CRE
binding complexes were washed, subjected to SDS-PAGE, and probed by West-
ern blot analysis. (A) Control studies initially conducted for analysis of CREB
within the CRE binding complex. In some binding reactions, SA beads were used
in the absence of biotinylated CRE (lane Mock). Some binding reactions were
conducted in the absence (lane control) or presence of a 50-fold molar excess of
nonbiotinylated CRE oligonucleotide added to the reaction mixture as a com-

petitor (lane Competitor). (B) Western analysis was initially conducted with
CREB antiserum followed by c-Jun and then c-Fos antiserum; the blot was

c-jun

c-fos
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EGF-induced JNK activation in the synergistic activation of
the « subunit.

Binding complex associated with the o subunit dual CREs is
altered by EGF and forskolin administration. We examined
the hypothesis that the CRE binding complex contained fac-
tors that were induced by or would facilitate the response to
signaling pathways induced by EGF. We sought to examine the
components of the CRE binding complex using a biotinylated
CRE “pull-down” method followed by immunoblot analysis
(Fig. 9). Biotinylated dual tandem CRE oligonucleotides were
bound to SA beads and mixed with nuclear extracts derived
from JEG3 cells following a 2-h administration of control so-
lution, EGF, forskolin, or the combination of EGF and fors-
kolin. The CRE binding complexes were resolved by SDS-
PAGE and subjected to Western blot analysis. Initial control
studies revealed that CREB was present in a JEG3 cell nuclear
extract regardless of agonist treatment (Fig. 9A). Furthermore,
nuclear extract from cells treated with EGF and forskolin and
subjected to the pull-down assay in the absence of a biotinyl-
ated CRE failed to pull down CREB in the binding complex
(Fig. 9A, Mock). Binding reactions conducted in the presence
of a 50-fold molar excess of unbiotinylated CRE as a compet-
itor showed that CRE was effective in competing for CREB
binding, suggesting that the binding activity was specific (Fig.
9A). In the absence of agonists and after treatment with fors-
kolin alone, the dual tandem CRE binding complex was pre-
dominantly composed of CREB (Fig. 9B). EGF stimulation of
JEG3 cells resulted in the recruitment of c-Jun to the CRE
binding complex. The presence of c-Jun in the CRE binding
complex has been found in previous studies (33). Surprisingly,
c-Fos was also recruited to the CRE binding complex, and the
combined effects of EGF and forskolin-stimulated signaling
resulted in an approximately twofold increase in c-Fos present
in the CRE complex. In addition to c-Jun and c-Fos, we also
examined whether other members of the Jun/Fos family of
transcription factors were present in the CRE complex follow-
ing EGF and/or forskolin stimulation. Western blotting anal-
ysis in the pull-down assay for FosB, JunB, or JunD revealed
that none of these basic leucine zipper proteins were present in
the « subunit CRE binding complex (data not shown). Addi-
tional competition studies revealed that a 50-fold molar excess
of unbiotinylated CRE was effective at competing for c-Jun
and c-Fos binding (data not shown). These studies provide
support for the specificity of the CRE pull-down studies and
clear evidence that the composition of the CRE binding com-
plex was altered during agonist stimulation of JEG3 cells.

In the presence of EGF and/or EGF and forskolin stimula-
tion, the CRE binding complex consisted minimally of CREB
and AP-1 heterodimers. To determine whether EGF-in-
duced ERK activation was required for the recruitment of
AP-1 to the CRE binding complex, identical nuclear extracts
were prepared following treatment with PD98059. Blockade
of the ERK pathway with PD98059 resulted in a failure to
recruit AP-1 to the CRE binding complex as accessed by the
CRE pull-down assay (Fig. 9B). We then examined a more
extensive time course for c-Jun and c-Fos activation following
treatment with EGF, forskolin, and the combination of ago-

stripped between antibodies. (C) Whole-cell lysates from JEG3 cells treated with
various agonists over the time course denoted were examined for expression of
Jun and Fos oncoproteins by Western blot analysis. (D) JEG3 cells were treated
with control solution (DMSO) or PD98059 (50 uM) for 15 min prior to admin-
istration of agonists. Whole-cell lysates were then subjected to Western blot
analysis for c-Jun and c-Fos. All of these studies were repeated at least three
times with independently prepared nuclear extracts or whole-cell lysates with
essentially identical results.
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nists (Fig. 9C). EGF administration was clearly the primary
stimulus for c-Jun and c-Fos oncoprotein accumulation in
JEG3 cells. Consistent with the CRE pull-down studies, the
combined effects of EGF and forskolin induced elevated levels
of c-Fos but not c-Jun. Pretreating the cells with PD98059
greatly reduced the induction of both oncoproteins by the
combined actions of EGF and forskolin (Fig. 9D). These stud-
ies support the conclusion that AP-1 is recruited to the CRE
binding complex and that EGF induction of the ERK pathway
is required for upregulation of c-Jun and c-Fos oncoproteins.

Dual tandem CREs are capable of binding AP-1, and AP-1
binding is required for synergistic activation of the o subunit
promoter. The CRE pull-down studies could not specifically
resolve the possibility that the AP-1 present in the CRE bind-
ing complex was a result of direct binding of AP-1 to the dual
CRE:s or that AP-1 in the CRE binding complex resulted from
interaction of AP-1 with potential coactivators independent
of DNA binding. To resolve this issue, c-Fos and c-Jun were
prepared using a coupled transcription and translation reac-
tion in reticulocyte lysates. c-Fos and c-Jun were mixed and
incubated at 37°C to allow heterodimer formation. AP-1 bind-
ing activity was used in an EMSA with radiolabeled dual tan-
dem CREs as a probe. Specific DNA-protein interactions were
visualized by autoradiography (Fig. 10A). Use of extracts from
the reticulocyte lysate alone (expressing a control luciferase
plasmid) in the EMSA reactions resulted in the formation of a
nonspecific complex. Addition of AP-1 binding activity to the
EMSA resulted in the formation of a specific DNA-protein
complex (AP-1 complex). AP-1 binding to the dual CREs was
enhanced by the addition of normal rabbit serum. In contrast,
the AP-1-CRE binding complex was attenuated with the ad-
dition of an antibody to c-Fos. Furthermore, addition of a
c-Jun antibody resulted in a pronounced “supershift” of the
CRE complex. Addition of an antibody for the DNA-binding
domain of Etsl and -2 did not interfere with the AP-1-CRE
complex, providing evidence for the specificity of the antibod-
ies. Addition of an unlabeled, consensus AP-1 oligonucleotide
(at 50-fold molar excess) greatly reduced CRE binding to AP-1
(competition —AP-1). Taken together, these DNA-binding
studies support the hypothesis that c-Jun—c-Fos heterodimers
can interact directly with the dual tandem CREs of the «
subunit promoter.

To assess the role of elevated c-Fos and c-Jun—c-Fos het-
erodimers on synergistic activation of the « subunit gene, we
overexpressed a putative dominant negative inhibitor to c-Fos
(A-Fos) developed by David Ginty and Charles Vinson (1).
A-Fos is a fusion of an acidic amphipathic peptide extension
onto the amino terminus of the basic leucine zipper region of
c-Fos that disrupts c-Jun—c-Fos DNA binding with remarkable
specificity (1). In those studies, A-Fos did not alter the DNA
binding of CREB homodimers. The aim of our studies was to
putatively “knock down” c-Jun—c-Fos heterodimer binding to
the o subunit CREs by overexpression of A-Fos. We cotrans-
fected increasing doses of expression vector for A-Fos with the
a subunit reporter and treated transfected cells with control
solution, EGF, forskolin, or the combination of EGF and fors-
kolin. Transfected cells overexpressing the parental vector
(control) and treated with EGF and forskolin demonstrated
synergistic activation of the « subunit reporter (Fig. 10B).
Overexpression of the A-Fos expression vector resulted in a
decrease (25 to 35%) in basal levels of o subunit expression
and a dose-dependent decrease in synergistic activation of the
a reporter. At the highest dose of A-Fos used, the effects of
EGF and forskolin on the « subunit reporter were similar to
those with forskolin administered alone. Overexpression of the
A-Fos expression vector did not disrupt the effects of forskolin,
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FIG. 10. Dual tandem CREs are capable of binding AP-1, and AP-1 binding
is required for synergistic activation of the a subunit promoter. The oncoproteins
c-Fos and c-Jun were synthesized in a coupled transcription and translation
reaction with reticulocyte lysates. AP-1 binding activity was then used in EMSAs.
(A) The dual CRE probe was radiolabeled with polynucleotide kinase (free
probe). An apparent nonspecific binding activity was present in reticulocyte
lysates expressing a control luciferase plasmid and is indicated by an arrow. In
some binding reactions, 2 ug of normal rabbit serum (NRS), c-Fos, c-Jun, or Ets
antiserum was added to perturb potential DNA-protein complexes. This is indi-
cated in part by an arrow labeled Supershift. Unlabeled consensus AP-1 oligo-
nucleotides (3 pmol) were added to some binding reaction mixtures at an ap-
proximately 50-fold molar excess (competition—AP-1) to disrupt CRE-AP-1
interactions. —, binding reaction without reticulocyte lysate. (B) JEG3 cells were
cotransfected by electroporation with an o« subunit reporter (ha-880-luc; 500 ng)
and 10 pg of control plasmid (CMV/500) or 5 or 10 ug of expression vector for
A-Fos. Eighteen hours later, agonists were administered for a 6-h period as
described in the legend to Fig. 1, and luciferase activity was assayed. Luciferase
activity is reported as relative activity * standard error of the mean from a single
representative experiment (n = 3 independent electroporations per treatment).
All transfection studies were conducted on at least three separate occasions (in
triplicate) with similar results.
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FIG. 11. Two functional CREs are required for synergistic activation of the a subunit by EGF and forskolin. JEG3 cells were transfected by electroporation with
500 ng of an « subunit reporter containing ha-204 luc, ha-204 luc with the 5° CRE mutated (ha-204 CRE1-MUT-luc), or ha-204 luc with the 3’ CRE mutated (ha-204
CRE2-MUT-luc). Agonists were administered for a 6-h period as described in the legend to Fig. 1, and luciferase activity was assayed. Luciferase activity is reported
as relative activity + standard error of the mean from a single representative experiment (n = 3 independent electroporations per treatment). All transfection studies
were conducted on at least three separate occasions (in triplicate) with similar results.

suggesting that the effects of A-Fos overexpression were spe-
cific. Similar results were obtained with the ha-CRE-Prl-lucif-
erase reporter (not shown). Consistent with the observations of
others (1), our results suggest that A-Fos overexpression at-
tenuated synergistic activation of the a subunit reporter, pre-
sumably by disrupting AP-1 binding of c-Jun—-A-Fos rather
than c-Jun—c-Fos complexes. These studies support the con-
clusion that direct participation of AP-1 in the CRE binding
complex is essential for synergistic activation of the a subunit
reporter by EGF and forskolin.

Two functional CREs are required for synergistic activation
of the a subunit by EGF and forskolin. One potential hypoth-
esis explaining the synergistic activation of the « subunit by
EGF and forskolin is that CREB dimers bind to one CRE
while AP-1 binds to the other CRE. This hypothesis suggests a
requirement for two functional CREs within the o subunit
promoter to facilitate responses to EGF and forskolin. In or-
der to examine this possibility, we tested whether two func-
tional CREs were required for synergistic activation of the «
subunit promoter. Individual CREs were replaced with Notl
restriction sites by site-directed mutagenesis. Mutant « subunit
promoter fragments (in the context of the human « luciferase
—204 to +42 promoter fragment) were cloned into a luciferase
reporter and transfected into JEG3 cells (Fig. 11). Transfected
cells were administered EGF, forskolin, and the combination
of EGF and forskolin. The results of these studies provide
evidence that two functional CREs were required for synergis-
tic activation of the a subunit by EGF and forskolin. A signif-
icant treatment interaction (P = 0.0038) of the main effects of
EGF and forskolin treatment was observed for the wild-type «
subunit promoter. This statistical interaction was not detected
with either of the CRE mutations. Basal expression of individ-
uval CRE mutant reporters and response to forskolin (fold
induction) were reduced 45 to 58% and 28 to 38%, respec-
tively, compared with the results with the wild-type « subunit.
The results of these studies provide evidence that two func-

tional CREs within the o subunit promoter were required for
maintenance of basal levels of expression, response to forsko-
lin, and synergistic activation by EGF and forskolin.

DISCUSSION

Studies of corpus luteum function during early pregnancy in
women reveal that one important determinant of adequate
progesterone production is the rate and/or timing of the in-
crease in CG secretion from cells of the trophoblast lineage (6,
7, 27, 42, 47). Thus, mechanisms that contribute to maximal
synthesis of CG subunits are important determinants in the
establishment of luteotropic support and maintenance of early
pregnancy. In the present studies, we describe the novel syn-
ergistic activation of the glycoprotein hormone « subunit gene
by interaction between two key intracellular signaling path-
ways, the MAPK and PKA cascades. We have used a chorio-
carcinoma cell model to examine the role of EGF and the
adenylate cyclase activator forskolin in the regulation of the o
subunit gene. Cells of the trophoblast lineage express the EGF
receptor, and EGF is a critical growth peptide involved in the
differentiation of trophoblasts and the regulation of CG sub-
unit mRNA stability and CG secretion (8, 14, 18, 37, 55, 65). In
the present studies, o subunit reporter gene activity was only
modestly increased by EGF receptor activation. This is consis-
tent with studies by Rao and others (14), demonstrating that
EGF receptor activation increases the stability of « subunit
mRNA in placental cells rather than altering the rate of tran-
scription. In contrast, EGF receptor activation in rat placental
cells (Rcho cells) results in two- to threefold induction of an «
subunit reporter gene in a PKC/CRE/CREB-dependent mech-
anism (51). The differences between studies may reflect vari-
ation in the individual cell models. In JEG3 cells, EGF appears
to play a more prominent role in « subunit gene activation
when administered concurrently with forskolin, when the com-
bined actions of the agonists induce synergistic activation of
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the « subunit gene. The effect(s) of EGF and forskolin on
expression of the a subunit gene is closely coordinated with
CG secretion, since cAMP-induced CG secretion is markedly
potentiated by the addition of EGF (63-65).

As seen in the studies of others (31, 44, 45, 60), EGF recep-
tor activation in JEG3 cells results in activation of all three
MAPK pathways. Of the three MAPK pathways, the combined
actions of EGF and forskolin potentiated the activation of the
ERK cascade (increased magnitude of enzyme activity for a
longer duration). Potentiated ERK activation was demon-
strated by examining ERK phosphorylation (Fig. 4A), induc-
tion of a Gal4-Elkl fusion protein (Fig. 4B), and the c-fos
proto-oncogene (Fig. 9C), which requires Elk1 in the forma-
tion of a ternary complex at the c-fos serum response element
(34, 49, 61, 73, 81, 82). Potentiated ERK activation induced by
EGF and forskolin in JEG3 cells is reminiscent of the situation
in some prostate cancer cell lines, in which the combined
actions of EGF and inducers of cAMP such as forskolin result
in similar ERK potentiation (15, 62). However, this is not the
case in all cell types. Administration of forskolin or cAMP
attenuates EGF-induced ERK signaling in hepatocytes (83),
Rat-1 fibroblasts (84), and adenocarcinoma cell lines (46).
Inhibition of EGF-induced ERK signaling by cAMP appears
to occur upstream of ERK in the signaling pathway, likely
through phosphorylation of the regulatory domain of Rafl,
which reduces its affinity for Ras binding (84). The cellular
mechanism(s) leading to potentiated ERK activation following
combined stimulation with EGF and forskolin in JEG3 and
other cell types is not presently clear.

In our studies, blockade of EGF-forskolin-induced ERK
activation with a selective inhibitor (PD98059) reduced the
magnitude and duration of ERK activity and was sufficient to
block synergistic transcriptional activation of the o subunit
gene. These studies provide clear evidence that ERK activa-
tion is absolutely required for synergistic transcriptional acti-
vation of the « subunit gene. It is reasonable to suggest that
potentiated ERK activation induced by the combined actions
of EGF and forskolin is required for regulation of the « sub-
unit in trophoblast cells. Prolonged or potentiated ERK acti-
vation in some cell types leads to expression of a differentiated
phenotype, such as in neurite outgrowth in PC12 cells (50, 80).
Furthermore, prolonged ERK phosphorylation results in in-
creased nuclear retention of activated ERK (41, 70). Thus, it is
plausible that potentiated activation of the ERK cascade in
JEG3 cells leads to prolonged nuclear retention of activated
ERK, which leads to maximal expression of the o subunit gene,
one marker of trophoblast differentiation.

EGF induced both the JNK and p38 MAPK cascades in
JEGS3 cells. Activation of additional signaling pathways is likely
critical to synergistic activation of the a subunit, since direct
activation of the ERK cascade by Raf-CAAX overexpression
was not sufficient (in combination with forskolin) to induce
transcriptional synergy. A role for the JNK cascade was dem-
onstrated by JIP-1 overexpression. JIP is a putative intracellu-
lar anchoring protein that, when overexpressed, specifically
retains JNK in the cytoplasmic compartment, thus restricting
JNK-dependent gene activation (24). These studies support
the conclusion that the EGF-induced JNK cascade leading to
c-Jun activation is presumably required for synergistic activa-
tion of the « subunit. JNK is the only known kinase that is
capable of c-Jun association, phosphorylation, and transcrip-
tional activation (20, 39, 53, 54). A caveat to interpreting these
studies with putative dominant negative signaling molecules is
that overexpression likely influences or shifts the stoichiometry
of the endogenous pathways, possibly leading to altered func-
tion of other potential effector molecules. In defense of these
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studies, overexpression of JIP-1 did not interfere with Raf
kinase-induced Gal4-Elk1 transcriptional activation, which,
within the context of our control studies, was ERK dependent.
Furthermore, JIP-1 overexpression did not interfere with EGF-
induced ERK phosphorylation or forskolin-induced signaling
to the « subunit, providing additional evidence for the specific
action of the JIP-1 expression vector. In contrast to the JNK
cascade, pharmacological blockade of the p38 MAPK pathway
by administration of SB203580 at a maximal dose (17, 68) did
not alter o subunit gene activation. Thus, EGF-induced p38
MAPK likely is not required, while the JNK cascade appears to
contribute to synergistic activation of the a subunit gene in
placental cells. It is reasonable to hypothesize that both com-
binatorial MAPK activation (ERK and JNK activation) and
relative changes in the magnitude and duration of ERK sig-
naling contribute to « subunit gene expression in placental
cells.

The CRE from the « subunit has been shown previously to
bind CREB and c-Jun by EMSA (25, 33, 57). Our studies
extend these findings in several ways. First, our studies confirm
the presence of CREB and c-Jun in the CRE binding complex
in an immunoblot analysis to provide evidence for the speci-
ficity of antibodies, which is not possible in an EMSA. Second,
our studies identify c-Fos as a component of the « subunit
CRE binding complex. c-Fos was not detected in CRE binding
complexes when assayed by EMSA (33), probably because of
blocked epitopes within the CRE complex. Furthermore, AP-1
binding activity prepared in vitro was capable of forming a
complex with the a subunit CREs independent of other po-
tential binding partners (Fig. 10A). Mutagenesis studies re-
vealed that two functional CREs were required for basal, fors-
kolin-, and EGF- and forskolin-induced activation of the «
subunit gene. These studies suggest the possibility that concur-
rent CREB and AP-1 dimer binding to the « subunit promoter
via dual CREs may be required for synergistic activation of the
o subunit gene. Based upon our understanding of the growing
complexity of the CRE binding complex, additional studies will
be necessary to clearly resolve this compelling issue.

The importance of c-Jun—c-Fos within the CRE binding
complex is supported by A-Fos overexpression studies. Puta-
tive knockdown of AP-1 binding by overexpression of A-Fos
was effective at blocking synergistic activation of the o subunit
(Fig. 11). This dominant interfering mutant has been shown
previously to disrupt c-Jun—c-Fos heterodimer binding to DNA
in a remarkably specific manner (1). Our interpretation of
these collective studies is that the recruitment of AP-1 to the a
subunit CREs requires ERK and JNK catalytic activity and is
essential for synergistic activation of the a subunit by EGF and
forskolin. Since CREB and c-Jun can both physically interact
with CREB binding protein (CBP) (for a review, see reference
28), it is reasonable to predict that recruitment of CBP to the
CRE binding complex may also be critical to ERK-JNK-de-
pendent synergistic activation of the o subunit. Recent evi-
dence suggests that transcriptional activation by subdomains of
CBP can be regulated by nerve growth factor in an ERK-
dependent manner (48), providing one potential mechanism
for the actions of EGF-ERK and forskolin on the a subunit.

It is interesting to note that the effect(s) of EGF- and fors-
kolin-induced signaling on the a subunit promoter was cell
type specific. Since the PKA and MAPK cascades are likely
ubiquitously expressed, we speculated that the combined effect
of EGF and forskolin would induce synergistic activation of the
o subunit in a heterologous cell type. However, this was not the
case. In several cell types, including GH3 and HeLa cells,
activation of the a subunit by the combined agonists was not
different from that by forskolin alone. This putative cell spec-
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ificity may reflect several possibilities. From the cell-specific
effects of EGF and cAMP on the ERK pathway described
earlier, it may not be a surprise that the combined effects of
these two agonists were not sufficient to induce synergistic
activation of the o subunit in heterologous cell types. However,
inhibition of EGF-induced ERK activation by cAMP was not
necessarily a causal factor in these studies. Comparative anal-
ysis of signaling pathways downstream of the EGF receptor
revealed marked cell-specific variation in MAPK signaling. For
example, in GH3 and HeLa cells, EGF-induced ERK activa-
tion was markedly shorter in duration than that observed in
JEG3 cells. In both heterologous cell lines, EGF-induced ac-
tivation of the ERK pathway peaked at 15 min following hor-
mone application and returned to baseline by 1 h (M. S. Rob-
erson, unpublished observations). Furthermore, EGF-induced
JNK activity was greatly reduced in GH3 cells compared with
EGF action on the JNK cascade in JEG3 cells (not shown).
This cell-specific response to EGF alone (independent of fors-
kolin treatment) may account for the differences observed be-
tween JEG3 cells and other EGF-responsive cell types. These
studies also cannot discount the possibility that other tissue-
specific factors may be playing an important role in placenta-
specific regulation of the a subunit gene by EGF and forskolin
in JEG3 cells. Additional mutagenesis studies will be required
to identify other sequences within the promoter that are re-
quired for synergistic regulation of the « subunit.

The present studies identify a novel mechanism for syner-
gistic activation of the glycoprotein o subunit gene in placental
cells. The dual tandem CREs appear to be sufficient to mediate
the effects of concurrent EGF- and forskolin-induced cell sig-
naling. The ERK and JNK cascades are required for this ac-
tivation via an AP-1-dependent mechanism. While EGF recep-
tor stimulation resulted in p38 MAPK activation, this pathway
does not appear to contribute to synergistic activation of the «
subunit gene in JEG3 cells. Based upon extensive contribu-
tions from John Nilson and his colleagues and other laborato-
ries, there is clear evidence for the hypothesis that discrete
combinations of transcriptional regulators are required for pla-
centa-specific a subunit gene activation. Our studies add fur-
ther complexity to cell-specific a subunit regulation by suggest-
ing that combinatorial signal transduction pathways contribute
to induction of the « subunit gene in cells of the trophoblast
lineage. Furthermore, it may not be sufficient to merely iden-
tify the signaling molecules necessary within specific signaling
cascades; it may also be necessary to examine issues of mag-
nitude and duration of enzyme activation that may contribute
to the specificity of a given response. The combined effects of
the PKA and MAPK signaling cascades facilitate maximal lev-
els of a subunit gene activation through integration of a high-
er-order, multifactor CRE binding complex that reflects a
changing endocrine milieu.
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