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The present study addresses the capacity of heregulin (HRG), a ligand of type I receptor tyrosine kinases,
to transactivate the progesterone receptor (PR). For this purpose, we studied, on the one hand, an experimental
model of hormonal carcinogenesis in which the synthetic progestin medroxyprogesterone acetate (MPA)
induced mammary adenocarcinomas in female BALB/c mice and, on the other hand, the human breast cancer
cell line T47D. HRG was able to exquisitely regulate biochemical attributes of PR in a way that mimicked PR
activation by progestins. Thus, HRG treatment of primary cultures of epithelial cells of the progestin-
dependent C4HD murine mammary tumor line and of T47D cells induced a decrease of protein levels of PRA
and -B isoforms and the downregulation of progesterone-binding sites. HRG also promoted a significant
increase in the percentage of PR localized in the nucleus in both cell types. DNA mobility shift assay revealed
that HRG was able to induce PR binding to a progesterone response element (PRE) in C4HD and T47D cells.
Transient transfections of C4HD and T47D cells with a plasmid containing a PRE upstream of a chloram-
phenicol acetyltransferase (CAT) gene demonstrated that HRG promoted a significant increase in CAT
activity. In order to assess the molecular mechanisms underlying PR transactivation by HRG, we blocked
ErbB-2 expression in C4HD and T47D cells by using antisense oligodeoxynucleotides to ErbB-2 mRNA, which
resulted in the abolishment of HRG’s capacity to induce PR binding to a PRE, as well as CAT activity in the
transient-transfection assays. Although the inhibition of HRG binding to ErbB-3 by an anti-ErbB-3 monoclo-
nal antibody suppressed HRG-induced PR activation, the abolishment of HRG binding to ErbB-4 had no effect
on HRG activation of PR. To investigate the role of mitogen-activated protein kinases (MAPKs), we used the
selective MEK1/MAPK inhibitor PD98059. Blockage of MAPK activation resulted in complete abrogation of
HRG’s capacity to induce PR binding to a PRE, as well as CAT activity. Finally, we demonstrate here for the

first time that HRG-activated MAPK can phosphorylate both human and mouse PR in vitro.

Recent evidence has clearly shown the presence of cross
talks between steroid hormone and growth factor (GF) signal-
ing pathways, which were previously thought to be distinctly
separate processes. Members of the steroid receptor superfam-
ily are heavily phosphorylated proteins that, upon ligand bind-
ing, act as nuclear transcription factors (for a review, see ref-
erence 72). Particularly, progesterone receptor (PR), the focus
of the present work, is phosphorylated in the absence of hor-
mone and undergoes an increase in phosphorylation upon hor-
monal stimulation (19, 20, 67). Although the functional role of
PR phosphorylation remains elusive, increased evidence indi-
cates that it plays a role in the regulation of PR transcriptional
activity (3, 7, 14, 22, 40, 66). On the other hand, most GFs bind
to transmembrane receptors that carry an intrinsic activity of
tyrosine kinase. Tyrosine residues in the intracellular domains
of the type I and II receptor tyrosine kinase (RTK) families,
phosphorylated as a result of ligand binding, serve as docking
sites for a number of SH2 and phosphotyrosine-binding do-
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main-containing proteins (15, 34, 42, 50), which link RTKs to
several signal transduction pathways. Among these, one of the
best characterized is the mitogen-activated protein kinase
(MAPK) cascade (23).

Accumulated evidence has highlighted the importance of
phosphorylation as one of the molecular mechanisms by which
steroid hormone and GF signaling converge. First, the majority
of the phosphorylation sites in PR, as well as in the other
steroid receptors, contain a Ser/Thr-Pro motif, which is a core
consensus sequence for proline-directed kinases such as
MAPKs (reviewed in reference 72). Second, modulation of
protein kinase or phosphatase activity has been shown to result
in regulation of the ligand-induced transcriptional activity of
PR (7,22,55, 64), as well as in induction of ligand-independent
activation of the receptor (19, 77).

The positive role of estrogens in breast cancer development
has long been acknowledged. Accumulated evidence also in-
dicates that progestins are involved in controlling mammary
tumorigenesis (9, 10, 13, 29, 35, 39, 43, 64). In addition, type I
RTKs have been implicated in the induction of proliferative
signaling in breast cancer (6, 52). Type I RTKs includes four
members: epidermal GF receptor (EGFR/ErbB-1) (69),
ErbB-2 (73), ErbB-3 (37, 53), and ErbB-4 (54). A large num-
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ber of ligands for type I RTKs have been described. These
include six ligands for EGFR (59) and all isoforms of Neu
differentiation factor/heregulin (HRG) which bind to ErbB-3
and ErbB-4 (68). Interestingly, ErbB-2 is an orphan receptor.
Despite the absence of a known ligand that binds ErbB-2
directly, this receptor participates in an extensive network of
ligand-induced formation of ErbBs dimers (28).

Convergence between steroid hormones and RTK signaling
pathways has a bidirectional nature in which steroid hormones
activate either RTKs or their downstream signaling pathways
(4,5,9, 39, 45, 58) and where, conversely, RTK ligands are able
to modulate steroid receptor transcriptional activity (32, 33, 51,
60, 64). Steroid-independent activation of estrogen receptor
(ER) by EGF and IGF-I, ligands of the type I and II RTKs,
respectively, has long been described (11, 31, 32, 33). HRG,
another type I RTK ligand, has also been found to transacti-
vate ER (51). Although the capacity of RTK ligands to trans-
activate PR remains poorly studied, EGF is able to induce
transactivation of chicken PRA (77).

We have recently proved the presence of interactions be-
tween progestins and HRG signaling pathways in an experi-
mental model of hormonal carcinogenesis in which the syn-
thetic progestin medroxyprogesterone acetate (MPA) induced
mammary adenocarcinomas in female BALB/c mice (4, 5).
Our previous studies have demonstrated the capacity of pro-
gestins to activate ErbB-2 and ErbB-3 and to induce HRG
synthesis (4, 5). Therefore, the present work focuses on the
assessment of the other likely scenario of HRG and progestin
interaction, i.e., the capacity of HRG to transactivate PR. Our
findings show that HRG was able to induce PR transactivation
through a mechanism that requires both a functional ErbB-2
and MAPK activation. One of the most salient aspects of the
present study is that we have demonstrated, for the first time,
that HRG-activated MAPK is able to phosphorylate both hu-
man PR (hPR) and mouse PR in vitro.

MATERIALS AND METHODS

Animals and tumors. Experiments were carried out in virgin female BALB/c
mice raised at the Institute of Biology and Experimental Medicine of Buenos
Aires. All animal studies were conducted in accordance with the highest stan-
dards of animal care as outlined in the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. The hormone-dependent ductal tumor line
C4HD originated in mice treated with 40 mg of MPA every 3 months for 1 year
and was maintained by serial transplantation in animals treated with 40 mg of
MPA given subcutaneously in the flank opposite to the tumor inoculum (38, 47).
The C4HD tumor line is of ductal origin and expresses PR and ER (38, 47).

Cell cultures and proliferation assays. Primary cultures of epithelial cells from
C4HD tumors, growing in MPA-treated mice, were performed as previously
described (21). In brief, tumors were aseptically removed, minced, and washed
with DMEM-F12 (Dulbecco modified Eagle medium-Ham F12 [1:1], without
phenol red, with 100 U of penicillin/ml, and with 100 p.g of streptomycin/ml). The
tissue was suspended in 5 ml of enzymatic solution (trypsin, 2.5 mg/ml; albumin,
5 mg/ml; collagenase type II [Gibco-BRL, Gaithersburg, Md.], 239 U/ml) in
phosphate-buffered saline (PBS) and then incubated at 37°C for 20 min with
continuous stirring. The liquid phase of the suspension was then removed, and
the undigested tissue was incubated with fresh enzymatic solution for 20 min.
Enzyme action was stopped by adding DMEM-F12 plus 5% heat-inactivated
fetal calf serum (FCS; Gen S.A., Buenos Aires, Argentina). Epithelial and
fibroblastic cells were separated as previously described (21). Briefly, the cell
suspension was resuspended in 15 ml of DMEM-F12 plus 10% FCS and allowed
to sediment for 20 min. The sedimented cells, corresponding to the epithelial
enriched fraction, were resuspended again in 15 ml of DMEM-F12 plus 5% FCS
and allowed to sediment for another 20 min. The upper 15 ml was discarded, and
this procedure was subsequently repeated until no fibroblasts were observed in
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the supernatant. Cells were plated in culture flasks with DMEM-F12 plus 5%
steroid-stripped FCS (ChFCS) (21) and allowed to attach for 24 to 48 h. The
purity of the epithelial cultures was evaluated by cytokeratin staining. Cells were
incubated in DMEM-F12 (without phenol red, with 100 U of penicillin/ml, and
with 100 pg of streptomycin/ml) with 2.5% ChFCS in the presence of 10 nM
MPA, 10 nM RU486, HRG at 20 ng/ml, and MPA+RU486 or HRG+RU486. In
experiments in which ErbB-2 was blocked, cells were pretreated with a 2 pM
concentration of antisense oligodeoxynucleotides (ASODNSs) to ErbB-2 mRNA
or, as control, with a 2 uM concentration of sense oligodeoxynucleotides
(SODNG) for 48 h before the addition of HRG. ErbB-2 antisense (5'-GGC CGC
CAG CTC CAT) and sense (5'-ATG GAG CTG GCG GCC) oligodeoxynucle-
otides (ODNs) correspond to the translation start region, including the initiation
codon of the ErbB-2 mRNA (16). In experiments assessing the role of ErbB-3 or
ErbB-4 in HRG-induced proliferation, cells were preincubated with increasing
concentrations of either an ErbB-3 mouse monoclonal antibody (oncoprotein
Ab-5, clone H3.105.5; Neomarkers, Freemont, Calif.) or an ErbB-4 mouse
monoclonal antibody (oncoprotein Ab-3, clone H4.72.8; Neomarkers) prior to
HRG treatment. As control, cells were also incubated with preimmune mouse
serum. To block MAPK activation, PD98059 (10 wM, dissolved 1:2,000 in di-
methyl sulfoxide) was added to cells 30 min before the 48 h of incubation with
HRG. Controls were performed in order to verify that dimethyl sulfoxide (1:
2,000) did not modify HRG-stimulated proliferation. After a 24-h incubation,
50% of the medium was replaced with fresh medium, and the cells were incu-
bated for another 24 h in the presence of 0.8 wCi of [*H]thymidine (specific
activity, 70 to 90 Ci/mmol; NEN/Dupont, Boston, Mass.). Cells were then
trypsinized and harvested. Assays were performed in octuplicate. The differences
between control and experimental groups were analyzed by analysis of variance
and the Tukey ¢ test between groups. In earlier experiments we had demon-
strated that thymidine uptake correlates with the number of cells/well (21). T47D
cells were obtained from the American Type Culture Collection. Cells were
cultured in DMEM (without phenol red) supplemented with 0.1% ChFCS and
then subjected to the treatments described above for C4HD cells. Cell prolifer-
ation assays and data analysis were performed as described for C4HD cells.

ErbB-2, ErbB-3, ErbB-4, and MAPK expression and activation. Lysates were
prepared from C4HD or T47D cells subjected to the different treatments de-
scribed in each experiment. Cells were lysed in buffer containing 50 mM Tris (pH
7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 0.5% Nonidet
P-40, 1 mM MgCl,, 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 pg of
leupeptin/ml, 5 ug of pepstatin/ml, 5 pg of aprotinin/ml, 1 mM sodium or-
thovanadate, 5 mM NaF, 20 mM sodium molybdate, and 5 mM sodium pyro-
phosphate. Lysates were centrifuged at 40,000 X g for 40 min at 4°C, and the
protein content in the supernatant was determined by using a Bio-Rad kit
(Richmond, Calif.). Proteins were solubilized in sample buffer (60 mM Tris-HCI
[pH 6.8], 2% sodium dodecyl sulfate [SDS], 10% glycerol, 0.01% bromophenol
blue) and subjected to SDS-polyacrylamide gel electrophoresis (PAGE). Pro-
teins were electroblotted onto nitrocellulose. Membranes were blocked with
PBS-0.1% Tween 20 and immunoblotted with the following antibodies: ErbB-2
rabbit polyclonal antibody Neu C-18 (Santa Cruz Biotechnology, Santa Cruz,
Calif.), ErbB-3 rabbit polyclonal antibody C-17 (Santa Cruz), ErbB-4 rabbit
polyclonal antibody C-18 (Santa Cruz), ErbB-4/HER-4 oncoprotein Ab-2 rabbit
polyclonal antibody (Neomarkers), anti-total p42/p44 MAPK (C-14; Santa
Cruz), anti-phospho p42/p44 MAPK (E-4 Santa Cruz), and antihemagglutinin
(anti-HA) antibody HA.11 (Berkeley Antibody Co., Berkeley, Calif.). After a
washing step, the membranes were incubated with horseradish peroxidase-con-
jugated secondary antibody (Amersham International). Enhanced chemilumi-
nescence was performed according to the manufacturer’s instructions (Amer-
sham). To perform ErbB-3 and ErbB-4 tyrosine phosphorylation analysis, cell
lysates (1 mg of protein) were precleared with protein A-agarose (Santa Cruz).
Then, 2 to 5 g of either ErbB-3 C-17 (Santa Cruz) or ErbB-4 Ab-2 (Neomar-
kers) was used in each immunoprecipitation reaction, which were rocked for 2 h
at 4°C. Thereafter, the immunocomplexes were captured by adding protein
A-agarose and rocked for an additional 2 h. Beads were washed three times with
lysis buffer and then boiled for 10 min in sample buffer and subjected to SDS-
PAGE on a 6% gel. Proteins were electroblotted onto nitrocellulose, and filters
were probed with mouse monoclonal anti-P-Tyr PY-99 (Santa Cruz).

PR Western blotting. To study PR expression at protein level, whole-cell
extracts were prepared. In brief, C4HD or T47D cells were lysed by scraping at
4°C in buffer containing 50 mM Tris (pH 7.4), 7.5 mM EDTA, 10% glycerol, 0.4
M KCl, 1 mM PMSF, 10 ug of leupeptin/ml, 5 pg of pepstatin/ml, 5 pg of
aprotinin/ml, 5 mM NaF, and 5 mM sodium pyrophosphate. Cell homogenates
were incubated for 30 min with intermittent vortexing and centrifuged at 14,000
rpm for 30 min. Soluble proteins in clarified lysates were quantified by using a
Bio-Rad (Richmond, Calif.) kit. Proteins were resolved by SDS-PAGE on 7.5%
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gels, electroblotted onto nitrocellulose, and immunoblotted with the PR mouse
monoclonal antibody hPR Ab-7 (clone 7) (Neomarkers) or with the phospho-
294-specific PR mouse monoclonal antibody Ab-12 (clone 608; Neomarkers).

Preparation of nuclear and cytosolic extracts. CAHD and T47D cells were
lysed by scraping at 4°C in buffer A, which contains 50 mM Tris (pH 7.4), 7.5 mM
EDTA, 10% glycerol, 0.25 M sucrose, 0.5 mM dithiothreitol (DTT), 1 mM
PMSF, 10 pg of leupeptin/ml, 5 pg of pepstatin/ml, 5 pg of aprotinin/ml, and 5
mM NaF. The homogenate was centrifuged for 10 min at 1,000 X g, and the
supernatant fraction (cytosol) was then collected. The crude nuclear pellet was
washed once with buffer A containing NP-40 0.01% and then resuspended in
buffer A containing 0.4 M KCl and was later incubated for 30 min at 4°C with
resuspension every 10 min. The suspension was centrifuged at 180,000 X g (30
min) diluted with the same volume of buffer A to reduce the salt concentration.

PR binding assay. PR content was evaluated by using a single-saturating-dose
[PH]R5020 binding assay. Briefly, triplicate 20-p.l aliquots of cytosolic or nuclear
extracts were incubated for 18 h at 4°C with 10 nM [?PH]JR5020 in the presence or
absence of a 100-fold molar excess of unlabeled R5020 and of a 200-fold molar
excess of cortisol to suppress nonspecific binding to plasma proteins. At the end
of the incubation, samples were treated with 100 pl of a suspension of 1%
charcoal- 0.1% dextran in buffer containing 20 mM Tris (pH 7.4), 1.5 mM
EDTA, 0.25 mM DTT, 20 mM Na,MoO,, and 10% glycerol. A free fraction was
separated by centrifugation at 3,500 rpm for 10 min and then counted in a
Beckman liquid scintillation counter. Protein concentrations were determined by
using a Bio-Rad kit, and results were expressed as femtomoles of protein per
milligram.

EMSA. The DNA-binding activity of PR in nuclear cell extracts of C4HD and
T47D cells was analyzed by electrophoretic mobility shift assay (EMSA). Nuclear
extracts were prepared from cells after incubation for 2 h at 37°C with 10 nM
MPA or 20 ng of HRG/ml. In some experiments, the cells were pretreated for
48 h at 37°C with 2 uM ErbB-2 ASODNSs or SODNSs or preincubated for 30 to
90 min with a ErbB-3 mouse monoclonal antibody (oncoprotein Ab-5, clone
H3.105.5; Neomarkers), a ErbB-4 mouse monoclonal antibody (oncoprotein
Ab-3, clone H4.72.8; Neomarkers), preimmune mouse serum, or 10 uM
PD98059. A 27-bp double-stranded synthetic oligonucleotide (5'-GAT CCT
GTA CAG GAT GTT CTA GCT ACA-3’) containing the progesterone re-
sponse element (PRE) from the rat tyrosine aminotransferase gene promoter
(Santa Cruz) was used as the target DNA. The PRE oligonucleotide was end
labeled with [y-*2P]ATP by T, polynucleotide kinase to a specific activity of ca.
30,000 to 50,000 cpm/0.1 ng. Nuclear extracts containing 5 to 10 fmol of receptor
(based on a steroid-binding assay) and 20 pg of nuclear protein were incubated
for 20 min at room temperature in a total volume of 30 wl with 0.8 ng of the
[*?P]PRE. The DNA-binding reaction also consisted of 2.5 ug of poly(dI-dC) as
a nonspecific competitor DNA in a binding buffer containing 10 mM Tris-HCI
(pH 7.4), 50 mM NaCl, 10% glycerol, 1 mM DTT, 5 mM MgCl,, 5 pg of
gelatin/pl, 1 mM PMSF, 10 pg of leupeptin/ml, 5 pg of pepstatin/ml, and 5 g of
aprotinin/ml. The specificity of the PR-PRE complexes was studied by compe-
tition with 25- and 100-fold mass excesses of unlabeled PRE oligonucleotide and
with a 100-fold mass excess of a mutant PRE with two GT-CA substitutions in
the PR-binding motif (5'-GAT CCT CAA CAG GAT CAT CTA GCT ACA-3’;
Santa Cruz). In the supershift assays, the rabbit polyclonal anti-PR antibody C-19
(Santa Cruz) at a concentration of 4 pg/assay or, as a control, preimmune rabbit
serum was used. Samples were subjected to electrophoresis on nondenaturing
5.5% acrylamide gels (30:1) in low-ionic-strength TBE buffer (10 mM Tris-
borate, pH 7.5; 0.025 mM EDTA). Gels were preelectrophoresed at 10 mA for
60 min, and samples were run at 20 mA/gel at room temperature for 120 min. To
prevent warming of the gels, water was recirculated through the gel apparatus.
Gels were dried without fixation under vacuum and were autoradiographed by
exposure to Kodak X-Omat film at —70°C.

Transient transfections. Reporter plasmid PRE,-TATA,,-CAT contains the
TATA box and flanking sequences of the tk promoter (—60/+51) cloned down-
stream of two copies of the TAT promoter PRE (61). C4HD and T47D cells
were plated in six-well dishes in DMEM supplemented with 5% ChFCS and with
10 nM MPA for C4HD cells or in DMEM with 10% ChFCS for T47D, without
antibiotics, and were cultured for 48 h prior to transfection. Transient transfec-
tions were performed for 48 h at 37°C with 4 g per well of the PRE,-TATA -
CAT plasmid DNA and with 4 pg of the B-galactosidase expression plasmid
CMV-B-Gal (Clontech, Palo Alto, Calif.) used to correct variations in transfec-
tion efficiency since control transfections were also performed with a tk-CAT
reporter lacking a PRE (61). The DOTAP liposomal transfection reagent tech-
nique (Roche Biochemicals) was used as recommended by the manufacturer.
After transfection, cells were washed and cultured for 24 h in 2.5% ChFCS
(C4HD) or in 0.1% ChFCS (T47D) before treatment with the different activa-
tors. Cells were then harvested, and lysates were analyzed for chloramphenicol
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acetyltransferase (CAT) activity. The plasmids used in experiments studying in
vitro hPR phosphorylation by MAPK included Flag epitope-tagged hPRB (58),
a gift of K. B. Horwitz, and HA-tagged Erk2 (p42 MAPK) expression vector (17).
Transfections were performed according to the protocol described above. Cells
transfected with the HA-tagged Erk2 (p42 MAPK) expression vector were
treated for 10 min with HRG (20 ng/ml) to obtain activated p42 MAPK, and cells
transfected with the Flag epitope-tagged hPRB were grown after transfection for
48 h in DMEM without serum (T47D cells) or supplemented with 2.5% ChFCS
(C4HD cells) for 48 h to obtain transcriptionally inactive PR.

CAT assays. Cells were washed once with PBS without calcium and magne-
sium, scraped into 500 pl of 1X reporter buffer (Promega, Madison, Wis.), and
collected by centrifugation at 14,000 rpm for 15 min. Protein concentrations were
determined by using a Bio-Rad kit. The CAT activity was determined by incu-
bating 100 pg of protein with 0.2 pCi of [*H]chloramphenicol (20 wCi/pmol;
DuPont/NEN) and with 250 pM butyryl-coenzyme A (Sigma) in 100 wl of 100
mM Tris-HCI (pH 7.5) overnight at 37°C. Acylated chloramphenicol was ex-
tracted by using a mixture of 200 wl of TMPD (2:1) and xylenes (Sigma) and
counted in a scintillation counter. Values of reagent blanks were subtracted from
all samples before calculation of data. To control variation in transfection effi-
ciency, cells were cotransfected with a CMV-B-Gal reporter plasmid (Clontech).
CAT results were calculated as the ratio of CAT activity per unit of B-Gal
activity. Duplicate samples were analyzed for each datum point. The MPA-
dependent transcriptional activity was set as 100%.

MAPK immunoprecipitation and activity assays. C4AHD and T47D cells were
incubated for 10 min with HRG at 20 ng/ml or kept untreated and growing in
ChFCS. Blockage of MAPK activity was accomplished by preincubating the cells
for 30 min with 10 uM PD98059 before stimulation with HRG. Cell lysates were
immunoprecipitated by using anti-total p42/p44 MAPK antibody (C-14; Santa
Cruz). Immunoprecipitations were rocked for 2 h at 4°C, and the immunocom-
plexes were then captured by adding protein A-agarose, followed by rocking for
an additional 2 h. Beads were washed, and an in vitro kinase assay was performed
with 1.5 p.g of myelin basic protein (MBP; Sigma)/pl as the substrate and 10 nCi
of [y->?P]ATP. Samples were analyzed by SDS-PAGE on 12% acrylamide gels.
Gels were dried without fixation under vacuum and were autoradiographed by
exposure to Kodak X-Omat film at —70°C.

MAPK activation was also studied by performing Western blot with an anti-
phospho p42/p44 MAPK monoclonal antibody (E-4; Santa Cruz). Membranes
were stripped and hybridized with the antibody anti-total p42/p44 MAPK (C-14;
Santa Cruz).

In vitro PR phosphorylation. To study the capacity of endogenous MAPK to
phosphorylate PR, C4HD and T47D cells growing in six-well plates were treated
with HRG for 10 min, pretreated with PD98059 for 30 min prior to HRG
treatment, or kept untreated and growing in ChFCS. Cells were lysed and MAPK
were immunoprecipitated from 4 mg of protein extracts from each cell treatment
with an anti-p42/p44 MAPK antibody (C-14). Transcriptionally inactive PR was
immunoprecipitated from 4 mg of protein from C4HD or T47D cells growing in
2.5% ChFCS (C4HD) or in DMEM without serum (T47D) by using the PR
mouse monoclonal antibody hPR Ab-7 (clone 7; Neomarkers). To assess the
capacity of transfected p42 MAPK to phosphorylate hPR, C4HD and T47D cells
were transiently transfected with 4 pg of an HA-tagged p42 MAPK expression
vector/well, and 48 h later the cells were treated with HRG for 10 min, pretreated
with PD98059 for 30 min prior to HRG treatment, or kept untreated and
growing in ChFCS. Cells were lysed, and p42 MAPK was immunoprecipitated
from 4-mg protein extracts from each cell treatment with an anti-HA antibody
(HA.11; Berkeley Antibody Co). On the other hand, as a source of transcrip-
tionally inactive hPR, C4HD and T47D cells were transfected with 4 pg of the
Flag-tagged hPRB expression vector/well, and 48 h later PR was immunopre-
cipitated from 4 mg of protein from lysates of cells growing in ChFCS by using
a mouse monoclonal anti-Flag M2 antibody (Sigma). Immunoprecipitated PR
was then subjected to an in vitro phosphorylation assay with MAPKs immuno-
precipitated from cells subjected to each of the treatments described above. In
brief, PR and p42 MAPK immunoprecipitates were washed once with PBS
containing 1% NP-40, protease (1 mM PMSF, 10 pg of leupeptin/ml, 5 pg of
pepstatin/ml, 5 pg of aprotinin/ml), and phosphatase (2 mM sodium orthovana-
date, 5 mM sodium fluoride, 5 mM sodium pyrophosphate, 12.5 mM B-glycer-
ophosphate) inhibitors, once again in 100 mM Tris-HCI (pH 7.5)-0.5 mM LiCl
containing protease and phosphatase inhibitors, and then three times with kinase
reaction buffer (12.5 mM morpholinepropanesulfonic acid [pH 7.5], 12.5 mM
B-glycerophosphate, 7.5 mM MgCl,, 0.5 mM EGTA, 0.5 mM NaF, 0.5 mM
sodium orthovanadate). The kinase reaction was performed by incubating
MAPK immunocomplexes with equal amounts of immunoprecipitated PR as the
peptide substrate in 30 pl of kinase buffer containing 3.3 mM DTT, 0.05 mM
unlabeled ATP, and 10 wCi of [y->*P]ATP for 30 min at 30°C. Samples were
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FIG. 1. Proliferative effects of HRG require PR and p42/p44 MAPK activation. C4HD (A) and T47D (B) cells were incubated for 48 h in
medium with ChFCS supplemented, as indicated, with RU486, 10 nM MPA, MPA-RU486, HRG, HRG-RU486, HRG-ASODN or -SODN plus
ErbB-2, or HRG-PD98059. C4HD cells were also treated with HRG plus increasing concentrations (1, 5, and 10 pg/ml) of either ErbB-3
monoclonal antibody (Ab-5) or ErbB-4 monoclonal antibody (Ab-3) and HRG plus preimmune mouse serum (NMS). Incorporation of [*H]thy-
midine was used as a measure of DNA synthesis. Data are presented as means =+ the standard deviation (SD). Significance for columns b versus
a, columns c versus b, columns d versus a, and columns e versus d, P < 0.001. The experiments shown are representative of a total of five for each

cell type.

analyzed by SDS-PAGE on 10% acrylamide gels. The upper part of the gels,
containing the PR, was dried, and phosphorylation of the PR was visualized by
autoradiography. The lower part of the gel was transferred onto nitrocellulose,
and an immunoblot was performed with an anti-phospho MAPK antibody. The
filter was then stripped and hybridized with anti-total p42/p44 MAPK antibody.
To directly assess whether MAPK could induce phosphorylation of Ser294, a
cold in vitro kinase assay that was similar to the one described above except that
the reaction contained 100 pM cold ATP instead of [*>y->P]ATP was performed.
At the end of the incubation, proteins were subjected to SDS-PAGE. Gels were
transferred onto nitrocellulose, and in the upper part of the gels containing PR
immunoblots were performed with anti-phospho Ser294 PR antibody. The lower
part of the gel in which MAPK was resolved was revealed with an anti-phospho
p42/p44 MAPK monoclonal antibody (E-4).

RESULTS

The progestin antagonist RU486 blocks HRG-induced pro-
liferation of C4HD and T47D cells. In previous research we
had already found that progestins are able to modulate the
HRG/ErbBs transduction pathway, sensitizing breast cancer
cells to the proliferative effect of this signaling pathway (4, 5).
In the present study, we explored the probable bidirectional
nature of the interaction between progestins and HRG
through the study of HRG capacity to transactivate the PR.
We performed these studies in an experimental model of hor-
monal carcinogenesis in which the synthetic progestin MPA
induced mammary adenocarcinomas in female BALB/c mice
(38, 47). Primary cultures of the C4HD murine mammary
tumor line (21) were used. As we have previously described in
detail (21), C4HD epithelial cells derive from a ductal, pro-
gestin-dependent mammary tumor line (38, 47). C4HD cells
require MPA administration to proliferate and express high
levels of PR (21). We have recently found that HRG was able
to induce a proliferative response as potent as that induced by
MPA on C4HD cells (5). Here, we first investigated whether
the progestin antagonist RU486 had any effect on HRG-in-

duced proliferation. As shown in Fig. 1, the stimulatory effect
of HRG was inhibited by RU486 (Fig. 1). We had also already
shown that HRG proliferative effects were abolished when
C4HD cells were treated with ASODNs to ErbB-2 mRNA (5)
(Fig. 1). In previous studies we demonstrated that C4HD cells
do not express ErbB-1/EGFR (38), exhibit high levels of
ErbB-3 (4, 5), and show low ErbB-4 expression (4, 5). Here, we
assessed the role of ErbB-3 and ErbB-4 in transmitting HRG
proliferative signals in C4HD cells. For this purpose, we
blocked HRG binding to ErbB-3 by using the mouse mono-
clonal ErbB-3 antibody Ab-5. The addition of the ErbB-3 an-
tibody to HRG-treated C4HD cells resulted in a dose-depen-
dent inhibition of HRG proliferative effects (Fig. 1). In order
to investigate ErbB-4 involvement in HRG induction of C4HD
cell growth, we used the same experimental approach. As
shown in Fig. 1, the ErbB-4 mouse monoclonal antibody Ab-3
inhibited in a dose-dependent fashion the HRG proliferative
response (Fig. 1). We then studied signal transduction path-
ways activated by HRG downstream from these receptors. It
has been well acknowledged that HRG activates p42/p44
MAPK in breast cancer cells (44, 63). Thus, we investigated the
participation of MAPK in HRG-induced proliferation of
C4HD cells by preincubation with PD98059, a specific inhibi-
tor of MEKI1. As shown in Fig. 1, HRG induction of C4HD cell
growth was abolished by PD98059. Similar experiments were
conducted in T47D breast cancer cells, which naturally express
both the A and B isoforms of PR (30). As previously reported
(25), HRG stimulated T47D cell proliferation, and this effect
was blocked by PD98059 (Fig. 1). Blockage of ErbB-2 expres-
sion also resulted in the suppression of HRG mitogenic activity
(Fig. 1). Interestingly, we found that in T47D cells RU486 was
able to abolish HRG-induced growth, as observed in C4HD
cells (Fig. 1). These findings suggest that physiological actions
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FIG. 2. HRG induces downregulation of PR expression at the protein level. C4HD and T47D cells were incubated for 2 h with MPA or HRG
or were left untreated and growing in ChFCS. A total of 100 wg of protein from whole-cell lysates, obtained as described in Materials and Methods,
were electrophoresed and immunoblotted for PR. The experiment shown is representative of a total of four in which the standard error of the mean

(SEM) was within 10%.

of HRG in breast cancer cells might be mediated in part by the
PR. In all of the experiments described, C4HD cells used as a
control were grown in 2.5% ChFCS and T47D cells were
grown in 0.1% ChFCS, which were the best conditions for
detecting a strong growth stimulatory effect of HRG. No pres-
ence of progesterone was detected by radioimmunoassay in
ChFCS or in the culture medium of C4HD and T47D cells
growing in either ChFCS or treated with HRG. This indicates
that progesterone levels are <10~ ' M, a level insufficient to
induce PR transactivation in mammalian cells (26).

HRG induces downregulation of both PRA and PRB iso-
forms. We investigated the effect of HRG on the expression at
protein level of PR in C4HD and T47D cells. Both PRA and
PRB isoforms were detected on C4HD cell immunoblots (Fig.
2). As previously described in the murine mammary gland (65),
PRA was the predominant isoform expressed in C4HD cells
(Fig. 2). After a 2-h treatment of C4HD cells, HRG induced a
significant downregulation of PRB (71% = 7%) and PRA
(67% = 6%) isoforms. MPA exerted a similar downregulation
of PRB (82% = 6%) and PRA (87% = 7%) in C4HD cells.
Comparable results were found in T47D cells, in which HRG
induced a 71% * 5% decrease in PRB and a 64% = 4%
decrease in PRA expressions (Fig. 2), an effect similar to the
one exerted by MPA, which decreases PRB by expression by
78% =+ 6% and PRA expression by 82% = 7% in these cells
(Fig. 2). It is well acknowledged that progestin treatment in-
duces changes in the electrophoretic mobility of PR on SDS-
gels, resulting in an upward shift of both PR isoforms (7, 14, 67,
72). This is associated with a second step of ligand-induced
increase in PR phosphorylation that requires 40 to 60 min for
completion (75). We found here that HRG treatment of
C4HD and T47D cells induced an upward shift of both PR
isoforms, an effect similar to that observed with MPA (Fig. 2).
Therefore, this was our first finding suggesting that HRG
might be involved in the induction of PR phosphorylation.

As previously reported for progestin treatment of breast
cancer cells (14, 49, 57, 70, 71), MPA treatment of C4HD and
T47D cells resulted in the downregulation of progesterone-

binding sites by using a single-saturating-dose [*H]R5020 bind-
ing assay (Table 1). Interestingly, decreased concentration of
PR protein induced by HRG in both C4HD and T47D cells,
also correlated with downregulation of progesterone-binding
sites (Table 1).

HRG enhances nuclear binding of the PR. It has long been
known that in the absence of hormone, PR distributes between
NaCl-extractable nuclear and cytosol fractions of human
breast cells, whereas hormone treatment stimulates the major
amount of cellular PR to bind tightly to the nuclei (14, 22, 24,
46). Therefore, we investigated the effect of HRG on the
cellular localization of PR. As shown in Fig. 3, HRG treatment
of C4HD cells for 2 h resulted in a significant increase in PR
nuclear localization compared to cells growing in 2.5% ChFCS,
as determined by a [PH]R5020 binding assay. Treatment with
MPA elicited the anticipated increased specific binding of
[PH]JR5020 in the nuclear fractions compared to controls (Fig.
3). Similar results were found in T47D cells in which both
HRG and MPA treatment induced nuclear localization of PR
(Fig. 3).

HRG induces PR binding to a PRE. We investigated
whether HRG was able to induce PR binding to a PRE, a
prerequisite for PR-induced transcriptional activation. Nuclear
extracts from C4HD treated with HRG for 2 h were incubated
with a [**P]PRE oligonucleotide probe and analyzed for the

TABLE 1. HRG-induced downregulation of
progesterone-binding sites

Mean amt (fmol/mg of protein) of PR* = SEM with:

Cell type

ChFCS MPA (10 nM) HRG (20 ng/ml)
C4HD 1,424.0 + 355.8 350.3 + 62.5° 520.0 + 80.1”
T47D 939.0 + 298.7 203.2 + 58.9° 198.2 + 128.6"

“PR levels were measured by a single-saturating-dose [*H]JR5020-binding
assay as described in Materials and Methods. Each value represents the mean of
six independent determinations.

> P < 0.001 compared to the respective cell line growing in ChFCS.
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FIG. 3. HRG promotes the nuclear localization of PR. C4HD and T47D cells were treated for 2 h at 37°C with MPA or HRG or were left
untreated and growing in ChFCS. PR levels were measured in nuclear and cytoplasmic extracts as described in Materials and Methods. The total
PR number, which was different for each treatment because of MPA- and HRG-induced downregulation of PR, was obtained as the sum of the
sites present in the two compartments. Data are expressed as a percentage of the total PR localized in the nucleus. Values shown in the histogram
are the means of eight independent experiments = the SEM. Significance for columns b versus a and columns c versus a, P < 0.001.

formation of PR-DNA complexes by EMSA. The results
shown in Fig. 4A demonstrate that HRG was able to promote
PR binding to the PRE. The band-shifting pattern observed
after HRG treatment was very similar to that seen after MPA
treatment (Fig. 4A). The presence of specific PR-PRE com-
plexes after HRG or MPA treatment was demonstrated by
competition with excess unlabeled PRE oligonucleotide and by
the lack of competition with a mutated PRE (Fig. 4A). The
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inclusion of an anti-PR (Fig. 4, right panel, antibody C-19) in
the EMSA reaction supershifted the protein-DNA complex.
An equivalent amount of preimmune rabbit serum, used as a
control, had no effect (Fig. 4, right panel, NRS). These data
clearly show the presence of PR in the DNA-protein complex.
Comparable results were obtained in T47D cells in which
HRG induced a specific binding of PR to the PRE (Fig. 4B).
We next investigated molecular mechanisms involved in HRG
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FIG. 4. HRG induces PR binding to a PRE. (A) In the left panel, C4HD cells were treated for 2 h at 37°C with MPA or HRG or were left
untreated and growing in ChFCS. Aliquots of nuclear extracts from both cell types containing 4 fmol of PR were incubated with 1 ng of a 27-bp
[**P]PRE oligonucleotide probe for 20 min at room temperature and then analyzed by EMSA. The specificity of the PR-PRE complexes is shown
by competition with a 25- and 100-fold mass excess of unlabeled PRE oligonucleotide and by the lack of competition with a 100-fold mass excess
of a mutant PRE (PRE mut 100 X). In the right panel, supershift analysis was performed by including either an anti-PR antibody (Ab-C19) or
an equivalent amount of preimmune rabbit serum, as a control, in the EMSA reaction. (B) Aliquots of nuclear extracts from T47D cells containing

4 fmol of PR were analyzed by EMSA as described for panel A.
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action. Since we have found that ErbB-2 plays a key role in
HRG-induced proliferation of C4HD cells (4, 5) (Fig. 1), we
initiated the present study to assess the effect of the blockage
of ErbB-2 expression on HRG-induced PR binding to a PRE.
As can be seen in Fig. 5SA, blockage of ErbB-2 expression by
using ASODNSs of ErbB-2 mRNA resulted in almost complete
inhibition of HRG capacity to promote PR binding to DNA.
As a model for studying ErbB-3 and ErbB-4 involvement in the
mechanism of HRG induction of PR binding to a PRE, we
chose C4HD cells. We did this, first of all, because they over-
express ErbB-3, which might result in enhanced sensitivity to
signaling pathways involving ErbB-3 activation. Second, in
present and previous studies we found that HRG treatment of
C4HD cells induced tyrosine phosphorylation of ErbB-3 and
ErbB-4 (4, 5) and that both receptors play a role in HRG
proliferative effects (Fig. 1). Thus, HRG binding to either
ErbB-3 or ErbB-4 in C4HD cells was abolished by using the
respective monoclonal antibody. Whereas ErbB-3 antibody
Ab-5, at 10 pg/ml, completely abolished HRG’s capacity to
induce PR binding to DNA, no effect was observed when HRG
binding to ErbB-4 was disrupted by ErbB-4 antibody Ab-3
(Fig. 5A). We next investigated whether blockge of the MEK1-
MAPK signaling pathway would inhibit HRG capacity to reg-
ulate PR binding to a PRE. As shown in Fig. 5A, treatment of
C4HD cells with PD98059 resulted in complete abolishment of
HRG induction of the formation of PR-PRE complexes. As a
way to compare signal transduction pathways involved in li-
gand-dependent and -independent activation of PR, we next
investigated whether blockage of the MEK1/MAPK signaling
pathway affects MPA induction of PR binding to a PRE in
C4HD cells. As shown in Fig. 5A, blockage of MAPK activa-
tion with PD98059 did not have any significant effect on pro-
gestin-induced PR binding to DNA. Comparable results were
found in T47D cells (Fig. SA). Figure 5B to J show the specific
effect of ASODNSs on ErbB-2 protein expression, the capacity
of ErbB-3 and ErbB-4 monoclonal antibodies to abolish HRG-
induced phosphorylation of these receptors, and the effect of
PD98059 on MAPK activation. The effect of ErbB-2 ASODNs
on ErbB-2 protein expression was determined by immunoblot-
ting C4HD and T47D cell lysates (Fig. 5B). As we had previ-
ously found (4, 5), treatment of C4HD cells with 2 uM con-
centrations of ASODNSs reduced ErbB-2 levels by 65 to 75%,
whereas SODNs did not have any effect on ErbB-2 protein
(Fig. 5B). Similarly, ErbB-2 ASODNSs reduced ErbB-2 protein
by 70 to 80%, whereas SODNs did not affect ErbB-2 expres-
sion in T47D cells (Fig. 5B). To confirm that inhibition of
HRG binding to ErbB-3 or ErbB-4, by the use of the respective
blocking antibody, resulted in the abrogation of HRG capacity
to activate these receptors, we assessed their degree of tyrosine
phosphorylation. Therefore, C4HD cells were preincubated
with anti-ErB-3 (Ab-5) or ErbB-4 (Ab-3) blocking antibodies
prior to HRG treatment. As seen in Fig. 5C, abolishment of
HRG-ErbB-3 binding resulted in the abrogation of HRG-
induced ErbB-3 phosphorylation. Similarly, blockage of HRG
binding to ErbB-4 resulted in the inhibition of the HRG ca-
pacity to phosphorylate ErbB-4 (Fig. SE). MAPK activity in
C4HD and T47D cells pretreated with PD98059 was evaluated
by immunoprecipitating cell lysates with an anti-p42/p44
MAPK antibody and by subjecting immunoprecipitates to an in
vitro phosphorylation assay with MBP as the substrate. Acti-
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vation of MAPK by HRG in both cell types was suppressed
when cells were treated with 10 uM PD98059 (Fig. 5G). We
also examined the effect of PD98059 on the activity of p42/p44
MAPK by using antisera specific for the dually phosphorylated,
active form of this kinase. As shown in Fig. 51, this experimen-
tal approach yielded the same results as the in vitro phosphor-
ylation assay. Figure 5I also shows MPA-induced MAPK acti-
vation in C4HD cells and its abolishment by pretreatment of
cells with PD98059.

HRG induces PR transcriptional activity. To investigate
HRG’s capacity to transactivate PR, C4HD cells were tran-
siently transfected with a PRE,-tk-CAT reporter plasmid and
a B-galactosidase expression vector as an internal control.
Treatment of C4HD cells with MPA induced activation of the
PRE-CAT reporter construct that was completely inhibited by
preincubation with RU486 (Fig. 6A). Blockage of MAPK ac-
tivity with PD98059 did not inhibit MPA capacity to activate
the PRE-CAT reporter (Fig. 6A). HRG was also able to pro-
mote strong activation of the PRE-CAT gene, which was abol-
ished by treating C4HD cells with ASODNs to ErbB-2, by
blocking HRG binding to ErbB-3 with the anti-ErbB-3 mono-
clonal antibody Ab-5, and by preincubating cells with PD98059
(Fig. 6A). Abolishment of HRG binding to ErbB-4 with the
ErbB-4 antibody Ab-3 did not result in inhibition of HRG
ability to activate the PRE reporter construct (Fig. 6A). These
findings demonstrate that HRG-induced transactivation of PR
requires both the presence of functional ErbB-2 and ErbB-3
and MAPK activation. HRG did not stimulate CAT transcrip-
tion from the minimal thymidine kinase promoter lacking a
PRE in C4HD cells (Fig. 6A). This indicates that HRG effects
are mediated through the PRE. HRG also activated the PRE-
CAT gene in T47D cells (Fig. 6B). This effect was abolished by
treating T47D cells with ASODNS to ErbB-2 or with PD98059
(Fig. 6B). HRG-induced activation is mediated by the PR, as
indicated by the finding that RU486 completely abolished
HRG response in both cell types (Fig. 6). Since glucocorticoid
receptor (GR) and androgen receptor (AR) bind to the same
GRE/PRE sequences as PR, it is worth pointing out that
C4HD cells express neither GR nor AR (48). T47D cells do
not express GR (26) and, as previously reported (26), T47D
maintained in our laboratory lack detectable AR.

MAPK induces PR phosphorylation. Although the func-
tional role of PR phosphorylation remains elusive, increasing
evidence indicates that phosphorylation plays a role in both
ligand-dependent and -independent regulation of PR tran-
scriptional activity (3, 7, 14, 22, 40, 66). The majority of the
phosphorylation sites in PR contain a Ser/Thr-Pro motif, which
is a core consensus sequence for proline-directed kinases such
as MAPK. In the present study, we found that blockage of
MAPK activation results in inhibition of HRG capacity to
induce PR binding to a PRE, as well as CAT activity (Fig. 5
and 6). Therefore, we hypothesize that MAPK activated by
HRG could mediate PR phosphorylation. The MAPK consen-
sus site Ser294 in hPR is rapidly phosphorylated in response to
progestins (75). Recent work has demonstrated that MAPK
appears to be involved in phosphorylation of the Ser294 resi-
due, which is an absolute requirement for ligand-induced PR
downregulation (40). In addition, EGF, a well-characterized
activator of MAPK, induced strong phosphorylation of Ser294
after 5 min and after 1 h treatment of T47D cells expressing the
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FIG. 5. Blockage of ErbB-2 expression, ErbB-3 activation, or MAPK activity abolishes HRG capacity to induce PR binding to a PRE.
(A) C4HD and T47D cells were treated for 2 h at 37°C with 10 nM MPA or HRG at 20 ng/ml or remained untreated and growing in ChFCS.
ErbB-2 expression was blocked by pretreatment of both cell types for 48 h with 2 uM ASODN to ErbB-2 before the 2-h treatment with HRG. As
a control, cells were preincubated with 2 uM SODN. MEK1/MAPK activity was abolished by preincubating the cells for 30 min with 10 uM
PD98059 before treatment with HRG for 2 h. C4HD cells were also pretreated with 10 wg of ErbB-3 monoclonal antibody (Ab-5), ErbB-4
monoclonal antibody (Ab-3), or preimmune mouse serum (NMS)/ml before treatment with HRG for 2 h. Aliquots of nuclear extracts (4 fmol of
PR) were incubated with a [**P]PRE oligonucleotide and subjected to an EMSA. (B) C4HD and T47D cells were incubated for 2 h with HRG
at 20 ng/ml or preincubated for 48 h with 2 uM ErbB-2 ASODN or SODN and then treated for 2 h with HRG as described above. A total of 80
wg of protein from cell lysates was electrophoresed and immunoblotted for ErbB-2. Densitometric analysis of an ErbB-2 band expressed as
percentages of the control value, i.e., cells growing in 20 ng of HRG/ml, yielded 32% for C4HD cells and 26% for T47D cells treated with 2 pM
ASODN. No significant differences were found in the densitometric values of ErbB-2 bands between control cells and cells treated with 2 uM
SODN. Autoradiograms from representative experiments of a total of three performed for each cell type are shown. (C to F) To evaluate the role
of blocking antibodies on HRG-induced ErbB-3 and ErbB-4 tyrosine phosphoryation, C4HD cells were preincubated with 10 pg of either a ErbB-3
mouse monoclonal antibody (Ab-5) or a ErbB-4 mouse monoclonal antibody (Ab-3)/ml prior to HRG treatment for 10 min. As a control, cells
were also incubated with preimmune normal mouse serum (NMS). ErbB-3 and ErbB-4 were immunoprecipitated as described in Materials and
Methods, and immunocomplexes were subjected to SDS-PAGE (7.5% gel) and analyzed by Western blotting with an anti-P-Tyr monoclonal
antibody (C and E). Identical aliquots of each immunoprecipitate were subjected to immunoblot analysis with anti-ErbB-3 (D) or ErbB-4
(F) antibodies to verify that nearly equal amounts of immunoprecipitated proteins were loaded. W, Western blot; IP, immunoprecipitation.
(G) C4HD and T47D cells were incubated for 10 min with HRG at 20 ng/ml or were left untreated and growing in ChFCS. Blockage of MAPK
activity was accomplished by preincubating the cells for 30 min with 10 uM PD98059 before stimulation with HRG. Cell lysates were immuno-
precipitated by using an anti-p42/p44 MAPK antibody. The immunoprecipitates were assayed for MAPK activity with MBP as the substrate. (H) As
loading control, identical aliquots of each immunoprecipitate assayed in panel G were subjected to immunoblot analysis with the anti-p42/p44
MAPK antibody. (I) C4HD and T47D cells were treated as described in panel G and, in addition, C4HD were treated with MPA for 10 min or
were preincubated for 30 min with 10 uM PD98059 before stimulation with MPA. A total of 100 g of protein from cell lysates was electrophoresed
on 12% SDS-gels and immunoblotted with an anti-phospho p42/p44 MAPK antibody. (J) The membrane shown in panel I was stripped and
hybridized with an antibody anti-total p42/p44 MAPK antibody.

B isoform of PR (64). Therefore, we investigated here the
effect of HRG on the phosphorylation of Ser294 in T47D cells.
As shown in Fig. 7, HRG was able to induce a robust phos-
phorylation of Ser294 in PRA and PRB after 10 min treatment.
MPA exerted the same rapid induction of PR phosphorylation
on Ser294 as HRG (Fig. 7). As previously reported (14), the
anti-Ser294 antibody exhibited strong preferential reactivity
for PRB. Blockage of MAPK activity by preincubation with
PD98059 resulted in the complete abolishment of HRG capac-
ity to phosphorylate Ser294, indicating that MAPKSs are in-
volved in HRG-induced phosphorylation of this residue. We
then investigated whether MAPK could induce PR phosphor-
ylation in vitro. For this purpose, we immunoprecipitated p42
and p44 MAPK from protein extracts of C4HD cells treated or

untreated with HRG for 10 min and from C4HD cells in which
MAPK activation by HRG had been blocked by preincubation
with PD98059. We also immunoprecipitated PR from C4HD
cells growing in 2.5% ChFCS and used it as a source of PR in
the in vitro phosphorylation assay. As shown in Fig. 6, PR
obtained from cells not stimulated with MPA or HRG is tran-
scriptionally inactive. We then incubated MAPK, immunopre-
cipitated from C4HD cells treated as described above, with the
transcriptionally inactive PR, and performed an in vitro phos-
phorylation assay in presence of [y-**P]JATP. At the end of
incubation, proteins were subjected to SDS-PAGE, and the
upper part of the gel containing PR was dried and revealed by
autoradiography. As shown in Fig. 8A (lane 1) and D, nonac-
tivated MAPK obtained from C4HD cells growing in 2.5%
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FIG. 6. HRG induces transcriptional activity of PR. C4HD (A) and T47D (B) cells were transiently transfected with 4 pg of a PRE,-tk-CAT
reporter plasmid/well and with 4 pg of a CMV-B-Gal expression vector/well as an internal control. C4HD cells were also transfected with a tk-CAT
reporter lacking a PRE. Cells were then treated with MPA, MPA-RU486, HRG, and HRG-RU486 at 37°C for 48 h for C4HD cells or for 24 h
for T47D cells or were left untreated and growing in ChFCS. To study the effect of ErbB-2 expression blockage, 2 M ErbB-2 ASODN or 2 pM
SODN was added, along with HRG, during the 48-h treatment. To inhibit MAPK activation, cells were preincubated with 10 uM PD98059 before
HRG treatment. C4HD cells were also pretreated with 10 pg of ErbB-3 monoclonal antibody (Ab-5) or ErbB-4 monoclonal antibody (Ab-3)/ml
or preimmune mouse serum before treatment with HRG. Cells were harvested and lysed, and the CAT and B-galactosidase activities were
measured as described in Materials and Methods. The results are presented as the percent activation, where 100% represents the maximal activity
of PR in the presence of MPA. The data shown represent the means of six independent experiments * the SEM. Significance for columns b versus
a, columns c versus b, columns d versus a, and columns e versus d, P < 0.001.

serum did not induce PR phosphorylation. However, MAPKs phorylation is provided by the finding that when MAPKs were
activated by HRG treatment of C4HD cells were able to in- immnunoprecipitated from C4HD cells in which their HRG-
duce a strong in vitro phosphorylation of both PRA and PRB induced activation had been abolished by PD98059, no phos-
isoforms (Fig. 8A, lane 2, and the histogram of panel D). phorylation of PR was observed (Fig. 8A, lane 3, and the
Further evidence of MAPK direct involvement in PR phos- histogram of panel D). The lower part of the gel in which
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FIG. 7. HRG and MPA treatment of T47D cells induced hPR Ser294 phosphorylation. T47D cells were incubated for 10 min with 10 nM MPA
or HRG at 20 ng/ml, preincubated for 30 min with 10 puM PD98059 prior to HRG treatment, or were left untreated and growing in serum-free
medium. A total of 100 pg of from cell lysates was immunoblotted with an anti-phospho Ser294 hPR antibody (upper panel). The membrane was
stripped and hybridized with an anti-hPR antibody (bottom panel).
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FIG. 8. MAPKs induce PR phosphorylation in vitro. (A) C4HD and T47D cells were treated with HRG for 10 min, pretreated with PD98059
for 30 min prior to HRG treatment, or remained untreated. Cells were lysed and MAPKs were immunoprecipitated from 4-mg protein extracts
from each cell treatment with an anti-p42/p44 MAPK antibody. On the other hand, transcriptionally inactive PR was immunoprecipitated from
4 mg of protein from cells growing in ChFCS (C4HD) or in serum-free DMEM (T47D) with an anti-PR antibody. The immunoprecipitated PR
was then subjected to an in vitro phosphorylation assay with MAPKSs immunoprecipitated from cells subjected to each of the treatments described
above. Kinase reactions were separated by SDS-PAGE. The upper part of the gels, containing the PR, was dried, and phosphorylation of PR was
visualized by autoradiography. A representative experiment of a total of three performed for each cell type is shown. (B) The lower part of the
gel was transferred onto nitrocellulose, and an immunoblot was performed with an anti-phospho MAPK antibody. (C) The filter was stripped and
hybridized with anti-total p42/p44 MAPK antibody to show that almost equal amounts of total MAPKs were present in immunoprecipitates
incubated with the PR. (D) The levels of PR bands phosphorylation (see panel A) were quantitated by densitometry and normalized to the amount
of the immunoprecipitated MAPKs (see panel C). In the histogram is shown the HRG-induced increase in PR phosphorylation. The data shown
represent the means of three independent experiments = the SEM. Significance for columns b versus a and columns c versus b, P < 0.001.
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MAPKSs were resolved was transferred onto nitrocellulose and,
to control MAPK activity, we performed Western blot with an
antisera specific for the dually phosphorylated, active form of
this kinase. Figure 8B shows the strong degree of activation of
MAPK immunoprecipitated from HRG-treated C4HD cells
(lane 2). This filter was stripped and reprobed with an anti-
total p42/p44 MAPK antibody to show that an almost equal
amount of total MAPK was present in immunoprecipitates
incubated with the PR (Fig. 8C). We then performed the same
experimental approach in T47D cells. MAPKSs activated by
HRG treatment were also able to induce in vitro phosphory-
lation of PRA and PRB isoforms in T47D cells (Fig. 8A, lane
2, and the histogram of panel D). Therefore, our results indi-
cate that both hPR and mouse PR can be phosphorylated in
vitro by HRG-activated MAPK. As further confirmation of
these findings, we performed another experimental strategy.
On one hand, we transiently transfected C4HD cells with an
HA-tagged p42 MAPK expression vector, and 48 h after trans-
fection cells were treated with HRG, were left untreated, or
were subjected to preincubation with PD98059 before HRG
stimulation. p42 MAPK from each cell treatment was then
immunoprecipitated with an anti-HA antibody. On the other
hand, we transfected C4HD cells with a Flag epitope-tagged
PRB expression vector and then immunoprecipitated PRB
from C4HD cells growing in 2.5% ChFCS with an anti-Flag
antibody. We then performed the in vitro phosphorylation
assay described above with the immunoprecipitated p42
MAPK and PRB. As shown in Fig. 9A (lane 2) and D, HRG-
activated p42 MAPK induced strong phosphorylation of PRB.
The same results were obtained when transfections were per-
formed in T47D cells (Fig. 9A and D).

To directly assess whether MAPK could induce phosphory-
lation of Ser294, we immunoprecipitated MAPK from extracts
of C4HD cells treated or untreated with HRG for 10 min and
from C4HD cells preincubated with PD98059 before HRG
addition. Immunoprecipitated MAPK were then incubated
with transcriptionally inactive PR obtained, as described in Fig.
8, from protein extracts of C4HD cells growing in 2.5%
ChFCS. An in vitro phosphorylation assay, in the absence of
[y->*P]ATP, in which the reaction contained 100 uM cold ATP
instead, was also performed. At the end of incubation, proteins
were subjected to SDS-PAGE. Gels were transferred onto
nitrocellulose and in the upper part of the gels immunoblots
were performed with the anti-phospho Ser294 PR antibody.
The lower part of the gel was revealed with an antiserum
specific for phosphorylated MAPK. As shown in Fig. 10A (lane
2), MAPK immunoprecipitated from HRG-treated C4HD
cells induced phosphorylation of PR Ser294 residue. Neither
inactive MAPK, obtained from C4HD cells growing in 2.5%
serum, nor MAPK immunoprecipitated from C4HD cells in
which their HRG-induced activation had been abolished by
PD98059 induced phosphorylation of Ser294 (Fig. 10A, lanes 1
and 3, respectively).

DISCUSSION

We have found a novel mechanism of PR activation by
HRG, a ligand of the type I RTKs. HRG was able to exquis-
itely regulate biochemical attributes of PR in a way that mim-
icked PR activation by progestins, cognate PR ligands. Assess-
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ment of the molecular mechanisms underlying PR
transactivation by HRG highlighted a key role for a functional
ErbB-2 and MAPK activation. One of the most salient aspects
of the present study lies in the fact that we demonstrated that
HRG-activated MAPKs can phosphorylate both hPR and
mouse PR in vitro.

HRG induces PR transcriptional activity. It has long been
acknowledged that progestin treatment of PR results in a pro-
found loss of absolute receptor protein mass (14, 49, 57, 70,
71). In the present study, we found that HRG was able to
mimic progestin effect on PR protein expression. Thus, HRG
downregulated PR protein levels both in mouse mammary
C4HD tumor cells and in human breast cancer T47D cells. As
reported with progestin treatment of human breast cancer cells
(14), HRG induced a similar degree of downregulation of PRA
and PRB in the two cell types. Ligand-independent activation
of PR by modulators of kinases and phosphatases has been
found in the course of studies of molecular mechanisms in-
volved in PR activation. Thus, okadaic acid, an inhibitor of
protein phosphateses 1 and 2, and 8-bromo-cyclic AMP
(cAMP), an activator of cAMP-dependent protein kinase A,
have been shown to potently stimulate chicken PR (cPR)-
mediated transcription in the absence of progesterone (19, 77).
In accordance with the present findings, cPR abundance was
decreased by 8-bromo-cAMP treatment (19). Interestingly,
vanadate, an inhibitor of phosphotyrosine phosphatases, in-
duced cPR-mediated transcription in the absence of progestins
(77). This finding is in line with those we have shown here in
which signals originating in pathways requiring tyrosine phos-
phorylation, such as RTK activation, are able to induce PR
transactivation. hPR appears to be less susceptible than cPR to
ligand-independent activation by modulators of protein phos-
phorylation. Thus, treatment of T47D cells with 8-bromo-
cAMP or okadaic acid alone had no measurable effect on PR
expression at the protein level or in PR number and did not
stimulate hPR transcriptional activity (7). However, both com-
pounds augmented hPR-mediated target gene transcription
when added together with progestins (7, 22). Additionally,
accumulated evidence has clearly shown convergence between
steroid hormones and RTK signaling pathways. The bidirec-
tional nature of this interaction is to be noted, in which steroid
hormones activate RTKs or their downstream signaling path-
ways (4, 5, 9, 39, 45, 58) and, conversely, where RTK ligands
are able to modulate steroid receptor transcriptional activity
(32, 33, 51, 60, 64). Thus, in accordance with our present
findings, another type I RTK ligand, EGF, was found to de-
crease progestins binding after 2 h of treatment of T47D,
MCF-7, and ZR75-1 breast cancer cells (62) and to induce
transactivation of cPRA (74). In contrast, IGF-1, a ligand of
the type II RTKSs, caused PR upregulation in uterine cells and
in MCF-7 cells (1, 12).

We found in this work that HRG treatment of C4HD and
T47D cells for 2 h induced an upward shift of PRA and PRB
isoforms on SDS-gels similar to the one observed with MPA.
Progestin-induced changes in the electrophoretic mobility of
PR have long been associated with an increase in PR phos-
phorylation levels (3, 7, 14, 22, 67, 72, 75). Particularly, in hPR
multiple serine residues are phosphorylated in a complex and
orderly process that takes place in at least three distinct steps:
first, basal phosphorylation in the absence of hormone; next, a
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FIG. 9. Transfected p42 MAPK can phosphorylate PR in vitro. (A) C4HD and T47D cells were transiently transfected with an HA-tagged p42
MAPK expression vector and, 48 h later, cells were treated with HRG for 10 min, pretreated with PD98059 for 30 min prior to HRG treatment,
or were left untreated. Cells were lysed, and p42 MAPK was immunoprecipitated from 4-mg protein extracts from each cell treatment. As a source
of transcriptionally inactive PR, C4HD and T47D cells were transfected with a Flag-tagged hPRB expression vector and, 48 h later, PR was
immunoprecipitated from 4 mg of protein from lysates of cells growing in ChFCS (C4HD) or in serum-free DMEM (T47D) by using an anti-Flag
antibody. The immunoprecipitated PR was then subjected to an in vitro phosphorylation assay with p42 MAPK immunoprecipitated from cells
subjected to each of the treatments described above. Kinase reactions were separated by SDS-PAGE. The upper part of the gels, containing the
PR, was dried, and phosphorylation of the PR was visualized by autoradiography. A representative experiment of a total of three performed for
each cell type is shown. (B) The lower part of the gel was transferred onto nitrocellulose, and an immunoblot was performed with an anti-phospho
MAPK antibody. (C) The filter was stripped and hybridized with an antibody anti-total p42/p44 MAPK. (D) The levels of PRB band phosphor-
ylation (see panel A) were quantitated by densitometry and normalized to the amount of immunoprecipitated MAPKs (see panel C). In the
histogram is shown the HRG-induced increase in PRB phosphorylation. The data represent the means of thee independent experiments = the
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FIG. 10. MAPKs induce PR Ser294 phosphorylation in vitro.
C4HD cells were treated with HRG for 10 min, pretreated with
PD98059 for 30 min prior to HRG treatment, or remained untreated.
Cells were lysed, and MAPKs were immunoprecipitated from 4-mg
protein extracts from each cell treatment by using an anti-p42/p44
MAPK antibody. In contrast, transcriptionally inactive PR was immu-
noprecipitated from 4 mg of protein from C4HD cells growing in
ChFCS by using an anti-PR antibody. The immunoprecipitated PR was
then subjected to a cold in vitro phosphorylation assay as described in
Materials and Methods. (A) Proteins were separated by electrophore-
sis, gels were transferred onto nitrocellulose, and in the upper part of
the gels immunoblots were performed with anti-phospho Ser294 PR
antibody. (B) The filter was stripped and reprobed with anti-PR anti-
body. (C) The lower part of the gel was revealed with anti-phospho
MAPK antibody. (D) The filter was stripped and hybridized with
anti-total p42/p44 MAPK antibody.

rapid net increase in phosphorylation that occurs within a few
minutes of progestin addition, and (iii) finally, a slower phos-
phorylation that promotes an upshift of PR on SDS-gels (7, 22,
36, 67, 75). This later stage of PR phosphorylation, associated
with the PR upshift, occurs after PR binding to DNA, suggest-
ing that it may represent a phosphorylation step involved in the
regulation of transcriptional activity (7, 22, 67). Changes in the
electrophoretic mobility of PR induced by transactivators have
not been reported. For example, two agents that potentiate the
activation of hPR by R5020, such as 8-bromo-cAMP and oka-
daic acid, did not affect the change in mobility of PR on
SDS-gels induced by R5020 (22). Therefore, HRG-induced
upshift of PR on SDS-gels was the first of our findings leading
us to speculate that phosphorylation could be involved in the
mechanism of PR transactivation by HRG.

In most target cells and tissues, in the absence of hormone,
PR distributes between the cytoplasm and the nucleus,
whereas hormone treatment stimulates the major amount of
cellular PR to bind tightly to the nucleus (14, 22, 24, 46). We
found that HRG treatment of C4HD and T47D cells resulted
in a significant increase in PR nuclear localization. The neu-
rotransmitter dopamine, which induces ligand-independent ac-
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tivation of cPR (56), was also found to induce a shift in recep-
tor localization to the nucleus identical to the one caused by
progesterone (56).

It is also well acknowledged that progestins induce PR bind-
ing to specific PREs, a prerequisite for PR-induced transcrip-
tional activation. We found that in both cell types, HRG was
able to promote PR binding to a PRE, with a band shifting
pattern very similar to that seen after MPA treatment. Regard-
ing hPR, Beck et al. (7) reported that the capacity of 8-bromo-
cAMP and of okadaic acid to augment progestin-induced tran-
scriptional activity was not the result of these agents enhancing
PR-DNA binding activity, since they were not able either to
stimulate PR binding to a PRE in the absence of hormone or
to enhance R5020-induced PR-DNA binding activity.

Here we found that HRG treatment of C4AHD and T47D
cells transiently transfected with a PRE,-tk-CAT reporter plas-
mid promoted strong activation of CAT. HRG-induced PR
transactivation is mediated by PR, since the response to HRG
is completely abolished by the antiprogestin RU486. In addi-
tion, the activation of PR by HRG cannot be due to a hypo-
thetical HRG-induced synthesis of progesterone, since neither
C4HD nor T47D cells expressed progesterone. As happened
with HRG stimulation of PR binding to a PRE, HRG-induced
PR transactivation was abolished by treatment with ASODNs
to ErbB-2, by blockage of HRG binding to and activation of
ErbB-3, and by preincubation of cells with PD98059, a specific
MEK1/MAPK inhibitor. These latter findings demonstrate
that HRG-induced transactivation of PR requires both func-
tional ErbB-2 and ErbB-3, as well as MAPK activation. ErbB-2
involvement in HRG activity was an expected result, since we
had previously found that blockage of ErbB-2 expression with
ASODNSs completely abolished the HRG proliferative effect in
C4HD cells (4, 5). In addition, several studies have established
that ErbB-2 is a critical component in mediating HRG-induced
breast cancer cell growth (8, 27, 41). We demonstrated here
that both ErbB-3 and ErbB-4 play a role in HRG proliferative
effects. However, the functional heterodimer in the molecular
mechanism of HRG-induced activation of PR appears to be
ErbB-2/ErbB-3, since abolishment of HRG binding to ErbB-4
did not inhibit HRG effects on PR. The fact that MAPKSs are
involved in the transactivation of PR by HRG adds further
evidence to previous findings demonstrating, first, that phos-
phorylation plays a role in both ligand-dependent and ligand-
independent activation of PR and, second, that MAPK could
be involved in PR phosphorylation. Multiple lines of evidence
suggest that MAPK-induced phosphorylation plays a role in
PR function. Thus, Lange et al. (40) demonstrated that pro-
gestin-induced PR downregulation depended on MAPK acti-
vation. They also found that mutation of Ser294, an MAPK
consensus site in hPR, completely prevented ligand-dependent
receptor downregulation, suggesting that the requirement for
MAPK resulted from a direct effect on PR phosphorylation.
We found here that MAPK activation appears not to be an
absolute requirement for ligand (i.e., MPA)-induced activation
of PR, suggesting that direct phosphorylation of PR plays a
different role in the molecular mechanism involved in ligand-
dependent and -independent receptor activation. Recently,
Shen et al. (64) mimicked the activation of molecules down-
stream of GF-initiated signaling pathways by overexpressing
MAPK kinase kinase 1 (MEKK1). MEKKI is an activator of
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MAPKSs. Unlike our results showing that HRG, a strong acti-
vator of MAPKSs in C4HD and T-47D cells, is able to induce
PR activation, MEKKI1 expression did not result in ligand-
independent activation of hPRB but increased progestin-me-
diated transcription. Still another difference with our findings
is that PR protein levels remained unchanged by MEKKI1
overexpression. We demonstrated here that HRG induced
rapid phosphorylation of the PR Ser294 residue in T47D cells.
Blockage of MAPK activity with PD98059 resulted in the abol-
ishment of HRG capacity to phosphorylate Ser294, clearly
indicating MAPK involvement in this process. Similarly, Shen
et al. (64) reported that MEKK1 overexpression resulted in the
phosphorylation of Ser294 in the hPRB; MEK1-MEK?2 inhib-
itors blocked phosphorylation of Ser294 and attenuated PR
transcriptional hyperactivity in response to MEKKI1 plus
R5020. Furthermore, these authors showed that EGF, another
well-characterized MAPK activator, induced rapid phosphor-
ylation of Ser294 in hPR. In contrast to our present findings
indicating that MPA was in fact able to exert the same rapid
induction of Ser294 phosphorylation as HRG, no phosphory-
lation of hPRB Ser294 was detected by Shen et al. (64) after 10
min of R5020 treatment. Our findings showing that blockage of
MAPK activity results in the abolishment of HRG’s capacity to
phosphorylate the Ser294 residue and that HRG-activated
MAPKSs are able to phosphorylate Ser294 in vitro suggest that
Ser294 plays a role in the mechanism of HRG-induced, ligand-
independent activation of PR.

Even though ours is the first report assessing HRG effects on
PR activity, Pietras et al. (51) have demonstrated that HRG is
able to transactivate ER. In accordance with our present find-
ings, these researchers found that HRG regulates several bio-
chemical properties of ER that are affected in the physiological
activation of ER by estrogens. The striking similarity between
these results and ours reveals that HRG’s regulatory effect on
ER activity also holds true for PR. Since the molecular mech-
anisms of ER activation were not determined by Pietras et al.
(51), it remains to be elucidated whether HRG works through
common signal transduction pathways to induce ER and PR
transactivation. In another study (60), treatment of breast can-
cer cells with HRG also resulted in a profound decrease of ER
protein. However, HRG was found to inhibit ER transcrip-
tional activation (60).

We found here that the progestin antagonist RU486 signif-
icantly inhibited HRG-induced proliferation of C4HD and
T47D cells. This evidence of a role for PR in mediating the
physiologic actions of HRG in breast cancer cells unravels the
other scenario of the coupling of GF and steroid receptor
signaling pathways, indicating the necessity for steroid recep-
tors in the mitogenic actions of GFs. This kind of cross talk has
been demonstrated for EGF and the ER. Thus, EGF has been
found to mimic the effect of estrogen in the mouse reproduc-
tive tract in terms of increased DNA synthesis, as well as of
increased phosphorylation and nuclear retention of the ER
(31). These effects were blocked by the ER antagonist ICI
160,384 (32). In addition, ER knockout mice were found to
lack an estrogen-like response to EGF (18).

MAPK phosphorylates hPR and mouse PR in vitro. We
have provided here the first demonstration that HRG-acti-
vated MAPKSs can phosphorylate both hPR and mouse PR in
vitro. To our knowledge, there is only one other report dem-
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onstrating that Xenopus PR can be phosphorylated in vitro by
recombinant active p42 MAPK (2). Therefore, those findings
with Xenopus PR, together with our findings with mammalian
PR, provide the first experimental evidence to the long-sus-
tained hypothesis that PR is a substrate for active MAPKSs in
vitro. MAPKs activation by GFs has long been acknowledged.
We therefore propose a mechanism in which rapid activation
of MAPK by GFs could be involved in phosphorylation of PR
in vivo. Further studies are required to elucidate whether this
MAPK-induced PR phosphorylation takes place in the nucleus
and whether it is required for full transcriptional activity of the
receptor. Phosphorylation of another member of the nuclear
receptor superfamily, ER, by MAPKs was described long ago
by Chambon and coworkers (33). These authors demonstrated
that recombinant hER was phosphorylated in vitro by activated
MAPK purified from Xenopus oocytes (33). In addition, sev-
eral serine/threonine kinases have been found to phosphory-
late purified cPR or hPR in vitro. Among them, cAMP-depen-
dent protein kinase A phosphorylates cPR in vitro on Ser528
(19). Interestingly, this is not one of the identified basal or
hormone-dependent phosphorylation sites in the cPR. Cdk2
phosphorylates hPR in vitro at a total of eight sites, five of
which have been confirmed in vivo (Ser162, Ser190, Ser213,
Ser400, and Ser676) (36, 76), and casein kinase II phosphory-
lates hPR in vitro on the authentic Ser81 site (74).

In summary, our findings provide further support to the
hypothesis that, in breast cancers expressing steroid hormone
receptors but resistant to endocrine therapies, control over
tumor growth is assumed by GFs that are able to transactivate
steroid receptors. Phosphorylation of steroid receptors by GF-
activated MAPK appears to play a key role in the molecular
mechanism of steroid hormone receptor transactivation.
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