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In breast cancer cells, estrogens activate the Src/Erk pathway through an interaction of the estrogen receptor
alpha (ERa) with the SH2 domain of c-Src. Progestins have been reported to activate also this pathway either
via an interaction of the progesterone receptor isoform B (PRB) with ER«, which itself activates c-Src, or by
direct interaction of PRB with the SH3 domain of c-Src. Here we identify two domains of PRB, ERID-I and -II,
mediating a direct interaction with the ligand-binding domain of ERa. ERID-I and ERID-II flank a proline
cluster responsible for binding of PRB to c-Src. In mammalian cells, the interaction of PRB with ER« and the
progestin activation of the Src/Erk cascade are abolished by deletion of either ERID-I or ERID-II. These
regions are not required for transactivation of a progesterone-responsive reporter gene. Mutations in the
proline cluster of PRB that prevent a direct interaction with c-Src do not affect the strong activation of c-Src
by progestins in the presence of ERa. Thus, in cells with ERa, ERID-I and ERID-II are necessary and sufficient
for progestin activation of the endogenous Src/Erk pathway.

Steroid hormones influence a plethora of cellular functions,
depending on the nature of the target cell and the constellation
of signals impinging on the cell at a given time. To achieve the
necessary coordination with other signaling pathways in the
complex intracellular space, steroid hormones likely use a va-
riety of mechanisms. Until very recently, attention has mainly
been focused on the transcriptional effects of steroid hor-
mones. These responses are mediated by the intracellular hor-
mone receptors, which participate in multiple interactions with
DNA, other sequence-specific transcription factors, transcrip-
tional coregulators, and the general transcriptional machinery
(3). In the last few years, a great effort has been devoted to
understanding the nature of the transcriptional coregulators
and how they mediate the interaction of the hormone recep-
tors with chromatin remodelling complexes and the transcrip-
tional apparatus (18). Considerable progress has been
achieved, leading to the recognition of covalent and confor-
mational chromatin changes as key steps in transcriptional
regulation by steroid hormone receptors and other transcrip-
tion factors (5).

In addition to their direct transcriptional effects, steroid
hormones have been found to influence the activity of many
other signaling pathways by so-called “nongenomic mecha-
nisms” (25, 34, 38). These effects are mediated by interactions
at the membrane or cytoplasmic level and offer a possibility for
integration of the steroid hormone signals at the entry site of
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many other physiological signals acting via membrane recep-
tors (39). Very often, these nongenomic effects have been
attributed to poorly characterized receptors, whose relation-
ship with the conventional nuclear receptors remains unclear
(38). In the case of the ovarian hormones estrogens and pro-
gestins, cross talk with a number of other signaling pathways
has been described, including cyclic AMP (1, 16), Ca-calmod-
ulin (15), the G protein-coupled receptors (20), and the mito-
gen-activated protein (MAP) kinase pathway (25, 26). In
breast cancer cells, estrogens stimulate cell proliferation, and
this effect can be blocked by inhibitors of the MAP kinase
signaling pathway (30) or by intracellular calcium chelators
(22). This pathway is activated by estrogens through an inter-
action of the classical estrogen receptor alpha (ERa) with
c-Src, which can be detected by coimmunoprecipitation (30).
c-Src activity is enhanced 2 min after addition of 173-estradiol,
reaches a peak after 5 min, and returns to basal levels after 15
to 30 min. Activation of c¢-Src can be inhibited by steroidal and
nonsteroidal antiestrogens and is followed by transient activa-
tion of Ras, Raf, and Erk1/2 (7, 31). The participation of the
classical ERa in activation of the mitogenic pathway was dem-
onstrated in gene transfection studies in COS-7 cells (31).
Activation of the cascade in these cells by estrogens was strictly
dependent on transfection of ERa, was inhibited by antiestro-
gens, and led to the formation of a complex of ERa and c-Src.
Similar results have been obtained with androgens and the
androgen receptor (AR) in LNCaP prostate cancer cells (29,
32). ERa interacts with the SH2 domain of c-Src, whereas AR
interacts with the SH3 domain, and a ternary complex contain-
ing ERa, AR, and c-Src can be immunoprecipitated from
LNCaP cells treated with estrogens and androgens (29).
Because progestins are also able to stimulate proliferation of
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breast cancer cells in culture (13), we tested whether the pro-
gesterone receptor (PR) could activate the mitogenic cascade
in a similar fashion to ERa and AR. Following treatment of
the breast cancer cell line T47D with either synthetic progestin
R5020 or 17B-estradiol, there was a similar rapid and transient
activation of the Src/Ras/Erk cascade (31). Unexpectedly, how-
ever, activation by progestins was inhibited not only by the
antiprogestin RU486, but also by steroidal and nonsteroidal
antiestrogens (31). In transfection experiments with COS-7
cells, activation of the MAP kinase cascade by progestins re-
quired expression not only of isoform B of the progesterone
receptor (PRB) but also of ERa (31). Most intriguingly, both
in T47D cells and in transfected COS-7 cells, PRB was precip-
itated with antibodies to ERa and vice versa, demonstrating
the existence of an intracellular complex between the two hor-
mone receptors (31). However, contrary to what was found for
ERa and AR, antibodies to PRB did not precipitate c-Src,
suggesting that the activation of the Src/Ras/Erk cascade by
progestins was indirect and mediated by an interaction of PRB
with the unliganded ERa, which itself activated c-Src.

Recently this view has been challenged by a study showing a
direct interaction of a proline-rich region of PRB with c-Src,
which leads to activation of the Src/Erk pathway (4). Although
this interaction may be relevant for progesterone-dependent
maturation of Xenopus oocytes, its physiological significance in
breast cancer cells remains unclear. In COS-7 cells, the acti-
vation of the Src/Erk pathway by progestins was dependent on
the presence of ER, and c-Src had to be cotransfected (4).

To clarify this issue and to investigate further the novel cross
talk between progestins and estrogens, we have analyzed the
interaction between PR and either ERa or c¢-Src in yeast two-
hybrid assays, glutathione S-transferase (GST) pull-down ex-
periments, and immunoprecipitation experiments with mam-
malian cells. Here we show that two domains of the N-terminal
half of PRB (ERID-I and -II) interact with ER« directly and
independently and are both required for the activation by
progestins of the Src/Erk cascade in COS-7 cells cotransfected
with PR and ERa. We confirm the existence in PRB of a
proline-rich region, located between ERID-I and -II, which
directly interacts with c-Src in vitro. However, this region was
responsible for only a very weak activation of the endogenous
Src without activation of Erk and could be deleted without
influencing the strong activation of the Src/Erk pathway seen in
the presence of ERa. Moreover, ERID-I and -II are not rel-
evant for the transcriptional activation of a progesterone-re-
sponsive reporter gene. These findings open the way for a
dissociation of the progesterone signaling by cross talk with the
MAP kinase pathways and by transcriptional mechanism,
which will allow the identification of the gene networks regu-
lated by these different pathways.

MATERIALS AND METHODS

Plasmids. The yeast vectors pPGADT7 and pGBKT7, encoding the Gal4 acti-
vation domain (Gal4AD) and the DNA binding domain (Gal4DBD), respec-
tively, were from Clontech. To generate the pGADT7:PRB plasmid (encoding
the Gal4AD-PRB fusion protein), the human PRB c¢DNA obtained from
pBK-PR (19) was inserted into pGADT7, downstream and in frame with the
Gal4AD. Vectors encoding fusion proteins of Gal4AD plus PRA or different PR
deletion mutants were constructed by inserting the cDNA fragments encoding
the corresponding amino acids of PR into the pPGADT?7 plasmid, downstream of
Gal4AD. The cDNAs of the various PR fragments were obtained by restriction
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of full-length hPRB ¢cDNA. pGADT7:PRmPro (encoding the Gal4AD-PRmPro
fusion protein) was constructed by inserting the PRmPro cDNA obtained from
pSGS5:PRmPro (described below) into pGADT7.

pGBKT7:ERa (encoding Gal4DBD-ERa) was constructed by inserting the
human ERa ¢cDNA obtained from pSG5-ERa into pGBKT7, downstream of
Gal4DBD. Plasmids encoding fusion proteins of Gal4DBD plus different ERa
deletion mutants were generated by inserting cDNA fragments of the corre-
sponding amino acids of ERa into the pGBKT?7 plasmid, downstream and in
frame with Gal4DBD. The ER fragment cDNAs were obtained by enzymatic
restriction or PCR amplification from the full-length ERa ¢cDNA by standard
procedures. To generate pGBKT7:HEG537F, the EcoRI fragment excised from
pSGS-HEGS537 (9) was cloned into the EcoRI site of pGBKT7.

pGADT7:Gal4AD:PR ERID-II was constructed from pGADT7:PR 456-546
by inserting a new Gal4AD sequence after the T7 RNA polymerase promoter,
upstream and in frame with PR 456-546 (ERID-II). The resulting plasmid ex-
presses a Gal4AD-PR ERID-II fusion protein from the T7 promoter. The
Gal4AD sequence was generated by PCR amplification with the appropriate
plasmids. To generate pPGADT7:Gal4AD:PR ERID-I (expressing a Gal4AD-PR
ERID-I fusion protein from the T7 promoter), PR ERID-II sequence of
pGADT7:Gal4AD:PR ERID-II was removed and replaced by the PR ERID-I
fragment obtained from pGADT7:PR ERID-I. To obtain pGADT7:Gal4AD
(expressing Gal4AD from the T7 promoter), the PR ERID-II sequence was
removed from pGADT7:GAI4AD:PR ERID-II, and the plasmid was religated.

pGEX-2TK:ERaLBD (encoding GST-ERaLBD fusion protein) was obtained
by inserting the ERaLBD ¢cDNA derived from pGBKT7:ERaLBD into pGEX-
2TK (Amersham Pharmacia Biotech). pGEX-2TK:SrcSH3 (GST-Src SH3) was a
generous gift of Gulio Superti-Furga.

pSG5-ERa (HEGO) and pSGS5-PRB were kind gifts of Pierre Chambon and
have been described previously (23, 36). pSG5-PR AERID-I, pSG5-PR AERID-
II, pSG5-PR AERID-I+1I, and pSG5-PRAPro were constructed by subcloning
the inserts of the corresponding pGADT7:PR mutants into the pSG5 vector
(Stratagene). pSG5-PRmPro corresponds to the pSGS5 plasmid carrying a PR
mutant in which three prolines (positions 422, 423, and 426) were replaced by
alanines (4). PRmPro was generated by PCR-mediated site-directed mutagenesis
(2) with two subsequent PCR amplifications. All constructs were verified by
sequencing.

The pAGEMMTVLu (MMTV-Luc) plasmid, carrying the mouse mammary
tumor virus (MMTYV) promoter linked to a luciferase (Luc) reporter gene, was
described previously (24).

Cells. T47D human breast cancer cells were grown in RPMI 1640 medium
supplement with 10% fetal bovine serum, 2 mM L-glutamine, penicillin (100
U/ml), streptomycin (100 pwg/ml), and insulin (0.2 U/ml). COS-7 cells were grown
routinely in Dulbecco’s modified Eagle medium supplemented with 5% fetal
bovine serum, 1 mM L-glutamine, penicillin (100 U/ml), and streptomycin (100
pg/ml).

Coimmunoprecipitation of ERa and PR. Cell lysates were prepared as de-
scribed previously (30) and incubated overnight at 4°C with 0.5 pg of anti-ER«a
per ml (Santa Cruz sc543), 1 pg of anti-PR per ml (Stressgene SR-1110), or 1 pg
of nonspecific rabbit immunoglobulin G (IgG) per ml. Protein A/G Plus agarose
(Santa Cruz) was added, and the mixture was incubated for an additional hour
at 4°C. At the end of the incubation, samples were centrifuged, supernatants
(SNs) were collected, and pellets were washed four times with lysis buffer. The
immunoprecipitated proteins (IPs) were eluted from the beads by being boiled in
sodium dodecyl sulfate (SDS) sample buffer. Cell lysate (input), SNs, and IPs
were probed by Western blots with either anti-PR or anti-ERa antibodies. The
band intensities (integrated density [ID]) were measured by NIH Image 1.61
software. The ID of each band was corrected for the total volume of the fraction.
The proportion of ERa associated with PRB was estimated from the samples
immunoprecipitated with the anti-PR antibody by calculating the ratio ER in the
IP fraction/(ER in the IP fraction + ER in the SN fraction). The proportion of
PRB associated with ERa was estimated from the samples immunoprecipitated
with the anti-ERa antibody, by calculating the ratio PRB in the IP fraction/(PRB
in the IP fraction + PRB in the SN fraction).

Yeast two-hybrid assay. For the yeast two-hybrid assay, we used the Match-
maker yeast two-hybrid system 3 (Clontech). The yeast strain AH109, which
contained the ADE2, HIS3, and lacZ reporters under the control of three dif-
ferent Gal4-responsive promoters, was cotransformed with pGADT7:PR (PRB,
PRA, or the different mutants) and pGBKT7:ERa (ERa or the mutants). Al-
ternatively, empty pGADT7 and pGBKT7 plasmids were used for negative
controls. Two individual clones were isolated on SD medium deficient in leucine
and tryptophan (SD/—leu/—trp), expanded, and used for further analysis of the
ER-PR interaction. Cotransformants were selected for their ability to grow in
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FIG. 1. Interaction between ERa and PRB in T47D cells. Cell lysates were immunoprecipitated with anti-ERa or anti-PR antibodies or
nonspecific IgG (control [ctrl]). SNs were collected, and IPs were removed from the beads in SDS sample buffer. IPs (lanes 1, 2, 5, and 6), SNs
(lanes 3, 4, 7, and 8), and cell lysate (input) (lane 9) were analyzed by Western blotting with anti-ERa (upper panel) and anti-PR (lower panel)
antibodies. ERa and PR bands are indicated by arrows. Lanes 3, 4, 7, and 8 correspond to 20% of the amount of proteins present in the
supernatants. Lane 9 represents 20% of the amount of lysate used in the immunoprecipitation.

medium lacking histidine and adenine. 17B3-Estradiol was added to the plates at
a final concentration of 1 M.

GST pull-down assay. >°S-labeled human PRB and different mutants of PR
were generated by using the TNT coupled rabbit reticulocyte lysate system
(Promega), according to the manufacturer’s protocol. cDNAs encoding human
PRB (wild type and mutants) cloned into pGADT7 vectors were used as tem-
plates. Expression of fusion proteins in Escherichia coli strain BL21 was induced
with 0.1 mM isopropyl-B-thiogalactopyranoside (IPTG) for 6 h at 20°C, and
bacteria were harvested. For the generation of GST-SrcSH3 and GST proteins,
lysates were prepared as described previously (28). The GST-ERaLBD fusion
protein (and GST protein as control) was recovered as previously described (17),
with minor modifications. GST and GST fusion proteins were purified from the
lysates on glutathione-Sepharose 4B beads (Amersham Pharmacia Biotech) by
incubating 5 ml of cellular lysates (derived from 100 ml of culture) with 133 pl
of beads (which had been previously washed three times and resuspended in 100
wl of Tris-buffered saline [TBS]) on a rotating wheel at 4°C for 30 min. The beads
were then washed twice with TBS (containing 1 mM dithiothreitol [DTT], 1 mg
of bovine serum albumin per ml, and protease inhibitors) and once with binding
buffer (25 mM HEPES [pH 7.5], 12.5 mM MgCl,, 150 mM KCI, 20% glycerol,
0.1% NP40 plus 1 mM DTT, 1 mg of BSA per ml, protease inhibitors). After
resuspension of the beads in binding buffer, an appropriate amount of 3°S-
labeled PRB (wild type or mutants) translation products was added, as well as,
when required, 1 uM hormone ligand. The beads were incubated on a rotating
wheel at 4°C for 1 h and washed three times with binding buffer. The bound
proteins were eluted from the beads by boiling in SDS loading buffer, separated
by SDS-polyacrylamide gel electrophoresis (PAGE), and visualized by fluorog-
raphy.

Transient transfection of COS-7 cells. COS-7 cells were transfected with the
Lipofectamine Plus reagent (Life Technologies), according to the manufacturer’s
instructions. For immunoprecipitation experiments and Src or Erk activity as-
says, the expression vectors for ERa and PRB, pSG5-ERa (36) and pSG5-PR
(23), respectively, were cotransfected. Alternatively, pSG5-PR was replaced for
different PR mutants as indicated in each experiment. For luciferase assays, the
MMTV-Luc reporter plasmid (37) carrying the MMTV promoter linked to the
firefly luciferase gene was cotransfected together with ERa and PRB (wild type
or mutants) expression vectors. pPRSV-BGal was also included in each transfec-
tion to normalize transfection efficiency.

Erk immunoprecipitation and activity assay. The Erk immunoprecipitation
and activity assay was performed as previously described (30). Briefly, cell lysates
were prepared and incubated overnight with rabbit polyclonal anti-Erk antibod-

ies (Santa Cruz). Protein A/G Plus agarose (Santa Cruz) was added, and the
mixture was incubated for additional 45 min. After washing, the samples were
centrifuged, and the pellets were assayed for myelin basic protein (MBP) phos-
phorylation with [y->?P]ATP. Reactions were stopped by addition of 2X SDS
sample buffer and analyzed by SDS-PAGE followed by autoradiography.

Src immunoprecipitation and activity assay. Cell lysates (1 mg of protein per
ml) were immunoprecipitated with anti-Src mouse monoclonal antibodies (clone
327 from Calbiochem) as previously described (31). Immunoprecipitates were
assayed for Src activity with acidified enolase as a substrate in the presence of
[y-*?P]ATP. The reaction was carried out for 15 min at 30°C and stopped by
addition of 2X SDS sample buffer. Enolase phosphorylation was analyzed by
SDS-PAGE followed by autoradiography.

Luciferase assay. Cells were treated with 10 nM R5020 or ethanol during 24 h.
Cell lysates were prepared and luciferase and B-galactosidase activities were
determined with assay kits from Promega according to the manufacturer’s in-
structions. To correct for differences in transfection efficiencies, luciferase units
were normalized for B-galactosidase activities in the same cell lysate.

RESULTS

A fraction of PRB interacts with ERa in vivo. We have
previously reported a ligand-independent interaction between
PRB and ERa in T47D cells and in COS-7 cells transfected
with both receptors (31). In order to estimate the proportion of
ERa and PRB participating in this complex, we have per-
formed coimmunoprecipitation experiments with T47D cells.
Cell lysates were prepared and immunoprecipitated separately
with anti-ERa and anti-PR antibodies. The SNs were collected
for further analyis, and the IPs were eluted from the beads in
Laemmli sample buffer. Cell lysate (input), SNs, and IPs were
probed by Western blots with either anti-PR or anti-ERa an-
tibodies The band intensities were measured, and the percent-
age of associated proteins was calculated as described in Ma-
terials and Methods. The results presented in Fig. 1 show that
6% of the total PRB present in the cells is bound to ERa, and
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5% of the total ERa is associated with PRB. Thus, at a given
time, only a small fraction of total cellular progesterone recep-
tor population is part of a complex including the ER and vice
versa.

Defining the interaction between PRB and ER« in yeast. To
investigate this PRB-ERa interaction in more detail, we used
a yeast two-hybrid assay. ERa was fused to the C-terminal end
of the DBD of Gal4 to yield Gal4dDBD-ERa, and PRB was
fused to the C-terminal end of the activation domain of Gal4
to yield the Gal4AD-PRB fusion protein (Fig. 2 A). The yeast
reporter strain AH109 was transformed with these expression
vectors or with the corresponding empty plasmid pGADT?7
(Gal4AD) or pGBKT?7 (Gal4DBD) as a negative control. Co-
transformed colonies were streaked onto medium with or with-
out histidine and adenine. In this assay, the formation of a
complex between Gal4DBD-ERa and Gal4AD-PRB confers
histidine and adenine auxotrophy (see Materials and Meth-
ods). All cotransformants grew similarly in nonselective me-
dium (Fig. 2B, left plate). When plated on selective medium
(in the absence of histidine and adenine), only yeast cells
expressing Gal4dDBD-ERa and Gal4AD-PRB grew (Fig. 2B,
right plate). This interaction was observed only when yeast
cells were grown in the presence of estradiol. Yeast cotrans-
formed with one or both empty plasmids did not grow in the
selective medium, indicating that histidine-adenine auxotrophy
is the result of the interaction between ERa and PRB. Similar
results were observed when the auxotrophies (histidine or ad-
enine) were checked separately (data not shown).

In order to define the domains of PRB involved in the
interaction with ERa, we generated a series of PR deletion
mutants as fusion proteins with Gal4AD and tested them with
the yeast two-hybrid assay (Fig. 3). All mutants were expressed
at similar levels in yeast, as was demonstrated by Western
blotting (data not shown). Two PR domains were identified as
interacting independently with ERa (Fig. 2C and 3): a domain
called ERID-I (for ER-interacting domain I), extending from
amino acids 165 to 345; and ERID-II, comprising amino acids
456 to 546. Each receptor construct containing one of these
two domains interacted with ER«a, and the simultaneous dele-
tion of both domains completely abolished the interaction.
None of the Gal4AD-PR mutants promoted growth when co-
transformed with the empty Gal4DBD plasmid (data not
shown).

To investigate the region of ERa necessary for the interac-
tion with PRB, several ERa mutants were fused to Gal4DBD
and tested in the yeast two-hybrid assay (Fig. 4). We found that
the ERaLBD alone mediated the interaction with PRB; ERa
mutants in which the LBD was absent or interrupted could not
interact with PRB. The mutation of Tyr 537 (HEGS537F) (9)
had no effect on the interaction. We also tested all PR mutants
with the ERaLLBD and found that the interactions were similar
if not identical to those observed with the complete ERa (data
not shown). In particular, both ERID-I and ERID-II inter-
acted independently with the ERaLBD. Thus, the ERaLBD is
necessary and sufficient to mediate the interaction with PRB.

ERaLBD interacts with PRB in vitro. Since the ERaLLBD
was sufficient for the interaction with PRB in yeast, we con-
centrated our characterization of the interaction on this region
of ERa. To determine if this interaction is direct, we used GST
pull-down experiments. GST and the GST-ERaLLBD fusion
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protein were expressed in E. coli BL21, immobilized onto glu-
tathione-Sepharose, and incubated with **S-labeled PRB pro-
duced by in vitro transcription and translation in a rabbit
reticulocyte lysate. The bound material was analyzed by SDS-
PAGE and autoradiography. The ERaLBD expressed in E.
coli was functional, as demonstrated by its estrogen-dependent
interaction with the coactivator RIP140 (10) in a pull-down
assay (data not shown). The wild-type PRB was specifically
retained by GST-ERaLBD, whereas binding to the matrix
containing GST alone was negligible (Fig. 5 A). We conclude
that the interaction between the two hormone receptors is
direct and does not depend on additional proteins present in
the yeast cells. This in vitro interaction between ERaLBD and
PRB occurred in the absence of hormones and was not affected
by the addition of estradiol or progesterone (data not shown).

We next tested whether the individual regions of PRB iden-
tified in the yeast two-hybrid assays, ERID-I and ERID-II, are
capable of interacting with ERaLBD in vitro. Figure 5B shows
the results of the pull-down assay with the recombinant PR
mutants transcribed and translated in vitro. None of the pro-
teins was retained by the matrix containing GST alone (Fig.
5B, lanes 7 to 12), whereas the N-terminal fragment PR 1-345
containing ERID-I showed specific interaction with ERaLBD
(Fig. 5B, lane 13). Two subfragments of this construct (PR
1-165 and PR 165-345) were independently evaluated. As ob-
served in the two-hybrid assay (Fig. 3), PR 1-165 displayed no
interaction with ERaLBD in vitro (Fig. 5B, lane 14). The PR
165-345 fragment corresponding to ERID-I could not be
tested, since it was not expressed in sufficient amounts in the
reticulocyte lysate system. However, construction with the
Gal4AD fused upstream of PR 165-345, yielded a well-ex-
pressed fusion protein, Gal4AD-PR ERID-I, which specifically
interacted with GST-ERaLBD in the pull-down assay (Fig. 5B,
lane 16). As a control, no binding of Gal4AD alone to GST-
ERaLBD was observed (lane 18). As with the ERID-I frag-
ment, the PR fragment corresponding to ERID-II was not
properly expressed in vitro. Therefore, we again fused the
N-terminal end of ERID-II to the C-terminal end of Gal4AD
and obtained efficient expression in the reticulocyte lysate sys-
tem. The fusion protein Gal4AD-PR ERID-II was specifically
retained by the GST-ERa matrix (lane 17). Finally, a PR
construct from which both ERID-I and ERID-II were deleted
(PR A166-545) exhibited only a faint interaction with
ERaLBD (lane 15). We conclude that the two interacting
regions identified in the yeast two-hybrid assays directly inter-
act with the ERaLBD in vitro.

PRB interacts with c-Src via a proline cluster region in
vitro. In a previous report, we did not find an association of
PRB with Src by coimmunoprecipitation experiments with
T47D and COS-7 cells cotransfected with ERa and PRB, in-
dependent of the hormone treatment (31). However, a direct
interaction of PR with Src was recently reported (4). Since the
coimmunoprecipitation could be not sensitive enough to detect
this association, the possibility of a direct interaction between
PRB and c-Src was tested in vitro. We focused our study on the
N-terminal half of PRB, which has been shown to interact with
the SH3 domain of c-Src (4). We confirmed the existence of an
interaction between c-Src and PR by a yeast two-hybrid assay
(data not shown) and detected a direct interaction of PR with
the SH3 domain of c¢-Src in GST pull-down experiments (Fig.
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FIG. 2. Interaction between PRB and ERa in yeast. (A) Schematic representation of the fusion proteins used in this study. PRB was fused to
the AD of Gal4 (Gal4AD) and ERa was fused to the DBD of Gal4 (Gal4DBD) to yield Gal4AD-PRB and Gal4DBD-ERa, respectively. The
domain structure of human PRB and ERa is indicated. The letters at the top refer to the domain designation accepted for all nuclear receptors.
The activation functions (AF1, AF2, and AF3), the DBD, the hinge region (H), and the LBD are indicated. An inhibitory domain in the N-terminal
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6 A, lane 5). Neither ERID-I nor ERID-II is involved in this
interaction (lane 6). However, deletion of the proline cluster
region (amino acids 396 to 456) located between ERID-I and
ERID-II (PRAPro) eliminated the interaction of PRB with the
SH3 domain of c¢-Src (lane 7). Point mutations of a cluster of
three prolines in this region, PRmPro, were sufficient to dis-
rupt the interaction with c-Src (lane 8) as previously reported
(4). Contrary to the deletion of the ERID-I and -II regions (PR
AERID-I+II), neither the deletion of the proline cluster re-
gion (PRAPro) nor the point mutation of the three proline
residues (PRmPro) had any influence on the interaction of
PRB with ERa (Fig. 6B). Therefore, the N-terminal half of
PRB contains two regions for interaction with ERa and an
independent region for interaction with c-Src.

The two domains of PRB, ERID-I and -II, are needed for
interaction with ERa in vivo. To verify whether the regions of
PRB that interact with ER« in yeast and in vitro also mediate
the interaction between both receptors in mammalian cells,
coimmunoprecipitation experiments were carried out with
transfected COS-7 cells. Wild-type PRB and PR mutants car-
rying deletions of ERID-I, ERID-II, or both regions were
transfected in COS-7 cells together with ERa. Cell lysates were
prepared, immunoprecipitated with anti-ERa antibody, and
blotted with anti-ERa and anti-PRB antibodies. ERa, PRB,
and the different PR mutants were expressed at similar levels
in COS-7 cells (Fig. 7 A). Only the wild-type PRB coimmuno-
precipitated with ERa, and no association was observed for PR
AERID-I, PR AERID-II, and PR AERID-I+II (Fig. 7B). These
results confirm that the interaction between PRB and ERa in
mammalian cells is mediated through the domains ERID-I and
ERID-II. However, whereas one of these domains alone is suffi-
cient for interaction with ERa in yeast and in vitro, both do-
mains are required and have to act together in mammalian cells.

Both ERa-interacting domains of PRB are required for
activation of the MAP kinase cascade by progestins. To inves-
tigate the functional significance of the ER-interacting regions,
we next tested the various deletion mutants of PRB for their
ability to activate the MAP kinase pathway in response to
added progestins. To this end, COS-7 cells were cotransfected
with ERa-expressing plasmids along with vectors expressing
wild-type or mutant PRB. Forty-eight hours after transfection,
the cells were treated with the synthetic progestin R5020, and
cell extracts were prepared 5 min thereafter. The Erk activity
in the extracts was determined by immunoprecipitation with
anti-Erk antibodies followed by a kinase assay with MBP as a
substrate. The results clearly show that whereas the wild-type
PRB activated MAP kinase as previously reported (31), nei-
ther the individual deletion mutants PR AERID-I and PR
AERID-II nor the double mutant PR AERID-I+II showed
activity in this assay (Fig. 7C). It should be pointed out that,
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although these mutants contain the intact proline cluster re-
gion and their ability to interact with Src is not affected (Fig.
6A), none of them mediates activation of Erk. Thus, like in the
immunoprecipitation assay, both ER-interacting regions of
PRB are required for activation of the MAP kinase pathway in
response to progestins.

The interaction of PRB with c-Src is not essential for pro-
gestin activation of the endogenous Src/Erk cascade in the
presence of ERa.. Next we tested whether the direct interaction
between PR and c-Src contributes to the activation of the
Src/Erk signaling pathway in response to progestins as previ-
ously proposed (4). COS-7 cells were cotransfected with ER«
alone or together with PRB-expressing plasmids and treated
for 5 min with R5020. Lysates were prepared and immunopre-
cipitated with anti-Src or anti-Erk antibodies. Src or Erk ac-
tivity was assayed with acidified enolase or MBP as the sub-
strates, respectively. In COS-7 cells transfected with PR,
treatment with progestins led to nondetectable (Fig. 8 A, upper
panel, lanes 3 and 4) or weak (Fig. 8B, upper panel, lanes 1 and
2) activation of c-Src, and did not mediate activation of Erk1/2
(Fig. 8B, lower panel, lanes 1 and 2). This effect on the c-Src
activity was eliminated by deletion of the proline cluster region
of PR (Fig. 8B, upper panel, lanes 9 and 10) or by point
mutation of the three relevant proline residues (Fig. 8B, upper
panel, lanes 3 and 4). Therefore, this weak and hardly detect-
able effect on the endogenous Src is mediated by the proline
cluster region of PRB, which interacts with the SH3 domain of
c-Src in yeast and in vitro. Deletion of ERID-I, ERID-II, or
both domains had no effect on the activation of Src in the
absence of ERa (data not shown). We confirm previous results
(4) showing that a more significant activation can be observed
when COS-7 cells are cotransfected with an expression vector
for c-Src (data not shown), but the physiological significance of
this interaction with overexpressed c-Src remains questionable.

A much more pronounced progestin activation of endoge-
nous c-Src was observed in COS-7 cells cotransfected with
expression vectors for PRB and ERa (Fig. 8A, upper panel,
lanes 7 and 8, and B, upper panel, lanes 5 and 6). Cells trans-
fected only with the expression vector for ERa did not respond
to progestins in terms of c-Src activation (Fig. 8A upper panel,
lanes 5 and 6). Progestins also mediated a strong activation of
Erk in COS-7 cells coexpressing PRB and ERa (Fig. 8B, lower
panel, lanes 5 and 6). These strong effects of progestins on
endogenous c-Src and Erk1/2 were not affected by deletion of
the proline cluster region of PR (Fig. 8B, lanes 11 and 12) nor
by point mutation of the three relevant proline residues (Fig.
8B, lanes 7 and 8). We have shown above that the deletion of
ERID-I or ERID-II eliminates the effect of progestins on
Erk1/2 activation in the presence of ERa (Fig. 7C). The dif-

half of PR is also indicated (IF). The numbers refer to the amino acid residues. (B) PRB interacts with ER« in yeast. The yeast reporter strain
AH109 was cotransformed with pGADT7 (Gal4AD), pGBKT7 (Gal4DBD), Gal4AD-PRB, and Gal4DBD-ERa plasmids in the indicated four
combinations. Cotransformants were isolated on SD medium deficient in leucine and tryptophan (SD/—leu/—trp). A cotransformant colony from
each plate was expanded and streaked on SD/—leu/—trp (nonselective medium, left plate) or on the same medium lacking histidine and adenine
(selective medium, right plate). 173-Estradiol was added to the plates at a final concentration of 1 wuM. (C) The ERID-I and ERID-II regions of
PRB mediate the interaction with ERa. The yeast strain AH109 was cotransformed with Gal4dDBD-ERa plus the indicated fusions of Gal4AD
with wild-type and mutant PRs. The empty Gal4AD plasmid was used in a control experiment. Selection was performed as described in panel B.

17B-Estradiol (1 wM) was added to the plates.
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FIG. 3. Involvement of PRB domains in the interaction with ERa in yeast. The wild-type forms of human PRB and PRA as well as the various
deletion constructs are shown schematically. The interaction (++ or —) between ERa and different regions of PR was examined with the yeast
two-hybrid assay. The yeast strain AH109 was cotransformed with Gal4dDBD-ERa plus the different Gal4AD-PR constructs (wild-type PR and
mutants), and selection was performed as described in the legend to Fig. 2B.
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FIG. 4. Involvement of ERa domains in the interaction with PRB in yeast. Wild-type ERa and the various deletion constructs are shown
schematically. The interaction (++, +++, or —) between PRB and different regions of ERa was examined with the yeast two-hybrid assay.

ferent activities of the various PR constructions were not due
to differences in expression levels of the corresponding pro-
teins, as demonstrated by Western blotting (Fig. 8C). We con-
clude that the relevant pathway leading to activation of the
Src/Erk signaling pathway in cells equipped with PRB and
ERa is independent of the interaction between the proline
cluster region of PR and the SH3 domain of c-Src and requires
an interaction of PRB with ERa.

Neither ERID-I nor ERID-II is necessary for transactiva-
tion of a progesterone reporter gene. Finally, we wanted to
know whether the two ERa-interacting regions of PRB play a
role in transactivation of progesterone-responsive reporter
genes. In order to compare these results with those from the
MAP kinase activation assays, we used COS-7 cells and co-
transfected an expression vector for ERa and PRB or PR
mutants. As reporter gene, we used the hormone-responsive
region and the promoter of the MMTYV fused to the luciferase
gene, which is known to respond to progesterone in various cell
lines (6, 12). After treatment with R5020, we observed a five-
fold induction of luciferase activity in cells expressing wild-type
PRB (Fig. 9). All of the PR deletion mutants tested were also
active in this assay, although the values obtained with PR
AERID-I were slightly lower than those found with the wild-
type receptor. Therefore, neither ERID-I nor ERID-II of PRB
is essential for transcriptional activation of reporter genes in
response to progestins. These results demonstrate that the
mutant PR proteins are functional and that the activation of
the c-Src/Erk pathway is independent of transcriptional effects
of PRB.

DISCUSSION

Identification of ERID-I and ERID-II and their role in pro-
gestin activation of the Src/Erk cascade. In previous work, we
have identified an interaction between PRB and ERa in breast
cancer cell lines, which appeared to be important for activation
of the Src/Ras/Erk signaling pathway and for cell proliferation
in response to progestins (31). The main evidence derives from
the inhibitory effect of antiestrogens on progestin activation of
the Src/Erk pathway in breast cancer cells (31). In addition, we
have shown that a point mutant of ER that contains a phenyl-
alanine instead of a tyrosine at position 537 (HEGY’*’F) can-
not activate the Src/Erk pathway in COS-7 cells in response to
estrogen and cannot mediate progestin activation of this path-
way in cells coexpressing PRB (29). These previous results
underline the importance of the cross talk between PRB and
ER for the effects of progestins on the Src/Ras/Erk signaling
cascade. Here we show that approximately 5% of the total
ERa and 6% of the PRB present in the cells are involved in
this interaction in the absence of hormones. We present evi-
dence of a direct association between both hormone receptors
in GST pull-down experiments, which again does not require
the presence of hormones. The requirement for estrogen in the
yeast two-hybrid assay might be due to the need for the
Gal4DBD-ERa fusion protein to translocate into the nucleus.

We have characterized the relevant protein surfaces for this
PRB-ERa interaction by using yeast two-hybrid and GST pull-
down assays. In both assays, PRB interacts with ER« through
two independent domains located in the N-terminal half of
PRB, ERID-I, and ERID-II. Each of these domains is suffi-
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FIG. 5. Interaction between PRB and ERa in vitro. GST and the GST-ERaLLBD fusion protein were expressed in E. coli BL21, bound to
glutathione-Sepharose, and incubated with *>S-labeled PRB (wild type or mutants) produced by in vitro transcription and translation in a rabbit
reticulocyte lysate. After extensive washing, retained proteins were eluted with SDS loading buffer, separated by SDS-PAGE, and visualized by
fluorography. (A) The wild-type PRB interacts with the LBD of ERa in vitro. Lane 1 represents 10% of the amount of **S-labeled PRB used in
the binding assay. The amount of PRB retained by GST-ERaLBD is shown in lane 2. Addition of 1 uM 17B-estradiol, 1 wM R5020, or both
together did not alter the amount of PRB retained (data not shown). GST alone did not retain any PRB (lane 3). The positions of molecular mass
markers are indicated to the left in kilodaltons. (B) Interaction between mutants of PRB and GST-ERaLBD. The input lanes (lanes 1 to 6)
represent 10% of the amount of *S-labeled PR mutants used in the binding assay. PRB mutants were tested for binding to GST (lanes 7 to 12)

and to GST-ERaLLBD (lanes 13 to 18).

cient to mediate an interaction with the LBD of ERa in yeast
or in vitro. In mammalian cells, both ERID-I and ERID-II are
required for the interaction of PRB with ERa and for efficient
activation of the Src/Erk cascade. Deletion of one of the two
domains is sufficient to disrupt the interaction with ERa, as
demonstrated by coimmunoprecipitation, and almost com-
pletely eliminates progestin activation of c-Src or Erk. The
reason for the requirement of both domains in vivo (as op-
posed to in vitro) remains to be established.

In addition to PRB, most progesterone-responsive cells con-

tain a shorter isoform of PR, PRA, which lacks the first 164
amino acids containing the activation function 3 (AF3; Fig. 3).
In transfected mammalian cells, PRA does not activate the
Src/Erk cascade in response to progestins and does not interact
with ERa (31), although it contains ERID-I and ERID-II and
interacts with ERa in yeast. This suggests that in the context of
PRA, ERID-I, ERID-II, or both are masked in mammalian
cells. Masking could result from intramolecular interactions or
from interactions of PRA with other cellular proteins. There
are indications for the existence of an inhibitory region in PR,
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FIG. 6. Direct interaction of PRB and the c-Src SH3 domain. (A) In vitro-translated **S-labeled PRs (wild type and mutants) were incubated
with GST or GST-SrcSH3 fusion protein immobilized on glutathione-Sepharose. Bound proteins were analyzed by SDS-PAGE and fluorography.
(B) Yeast two-hybrid assays with wild-type or mutant PRB and ERa. The yeast strain AH109 was cotransformed with Gal4DBD-ERa plus the
indicated fusions of Gal4AD with PR (wild type and mutants). Selection was performed as described in the legend to Fig. 2B.

called IF, which prevents the activity of the activation function
AF1 in the context of PRA (21). Because ERID-II coincides
with AF1, it is possible that IF also masks access to ERID-II
and in this way prevents the interaction of PRA with ERa in
cells. It is also possible that the two isoforms of PR exhibit
different intracellular distributions and that PRA does not
reach the cytoplasmic side of the cell membrane, where PRB
interacts with ERa. The observation that PRA is preferentially
nuclear would favor this interpretation (27). Alternatively, dif-
ferences in the pattern of phosphorylation of the two isoforms
could influence the interaction with ERa, because one phos-
phorylation site, Ser 294, is located within ERID-I and is phos-
phorylated in PRB but not in PRA (14). It is possible that some
of the functional differences between PRB and PRA (11) re-
late to the inability of PRA to activate the endogenous c-Src/

Erk signaling pathway in response to progestins rather than to
the lack of the activation function AF3 (33).

The proline cluster of PRB is not essential for efficient
activation of the Src/Erk cascade in cells containing ERa. In
addition to its interaction with ERa, PRB can also directly
interact with the SH3 domain of c-Src, and this interaction is
mediated by a proline cluster located between ERID-I and
ERID-II. This interaction is independent of ERID-I or
ERID-II and can be disrupted by deletion of the proline clus-
ter region or by mutation of three proline residues in the
cluster (Fig. 8) (4). These mutations, however, do not interfere
with the interaction of PRB with ERa nor with the ERa-
mediated activation of the endogenous Src/Erk cascade by
progestins. In fact, in COS-7 cells transfected only with PRB,
progestins exhibit a weak or nondetectable activation of en-
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FIG. 7. Interaction between ERa and PRB in COS-7 cells. COS-7 cells were transiently cotransfected with ERa and various PR expression
vectors (PRB wild type, PR AERID-I, PR AERID-II, or PR AERID-I+II). (A) The expression of ERa and the different PR constructs was verified
by immunoblotting of total cell lysates with anti-ERa or anti-PR antibodies. (B) Coimmunoprecipitation of ERa and PR. Cell lysates were
immunoprecipitated with anti-ERa antibody or nonspecific IgG (control antibody [Ctr]l Ab]). Each immunoprecipitate was analyzed with anti-ER«

or anti-PR antibodies. ERa and PRB bands are indicated by arrows. (C) Effect of progestins on Erk activity. Cells were treated for 5 min with 10
nM R5020 (lanes 5 to 8 and 13 to 16) or with the ethanol (lanes 1 to 4 and 9 to 12). Cell lysates were prepared, immunoprecipitated with anti-Erk1/2

antibodies, and assayed for MAP kinase activity with MBP as a substrate as described previously (30). The left panel (lanes 1 to 8) shows the results

obtained with preimmune serum as a control.
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(A) COS-7 cells were transfected with pSGS control plasmid (lanes 1 and 2), wild-type PRB (lanes 3 and 4), ERa (lanes 5 and 6), or both PRB
and ERa (lanes 7 and 8) expression vectors and treated for 5 min with 10 nM R5020 or with ethanol. Cell lysates were immunoprecipitated with
anti-Src antibodies. The immunoprecipitates were assayed for Src activity with acidified enolase (en) as a substrate (upper panel). The expression
of PRB and ERa was verified by immunoblotting of total cell lysates with anti-PR (middle panel) or anti-ERa (lower panel) antibodies. (B) COS-7
cells were transfected with PRB (wild type or mutant PRmPro or PRAPro) expression vectors alone or together with ERa cDNA. Cells were
treated for 5 min with 10 nM R5020 or with ethanol. Lysates were prepared, divided into two aliquots, and immunoprecipitated with anti-Src or
anti-Erk antibodies. The immunoprecipitates were assayed for Src and Erk activity with acidified enolase (en) or MBP as substrates, respectively.
(C) Expression of PRB (wild type and mutants) and ERa was verified by immunoblotting of total cell lysates with anti-PR (upper panel) or
anti-ERa (lower panel) antibodies.
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FIG. 9. Transactivation of an MMTV-Luc reporter gene by progestins in COS-7 cells. COS-7 cells were transiently cotransfected with ERa and
PR (PRB wild type, PR AERID-I, PR AERID-II, or PR AERID I+II) expression vectors together with a reporter gene containing the MMTV
promoter linked to the luciferase gene (37). Cells were incubated with (shaded bars) or without (black bars) 10 nM R5020 for 24 h, and the
luciferase activity was determined in whole-cell extracts (37). The average and standard deviation of two experiments performed in duplicate are

shown.

dogenous c-Src, which is eliminated by deletion or mutation of
the proline cluster region of PRB. A more pronounced acti-
vation can be observed in cells cotransfected with PRB and
c-Src, which is also inhibited by mutations in the proline-rich
region (data not shown). The physiological relevance of this
direct interaction of PR with Src remains unclear. In COS-7
cells, the activation of Src by progestins in the absence of ERa
does not lead to an activation of the Erk pathway. A significant
activation of the Src/Erk cascade in response to progestins
depends on the coexpression of ERa and is inhibited by dele-
tion of the ERID-I or ERID-II regions. Moreover, in T47D
breast cancer cells, which contain endogenous ERa and PRB,
treatment with antiestrogens completely blocks the activation
of the Src/Erk pathway by progestins (31).

The irrelevance of this direct interaction of PRB with c-Src
for the progestin activation of the Src/Erk cascade is also
supported by the observation that PRA, although it interacts
with c-Src in vitro and in cells (4), does not mediate activation
of the endogenous Src/Erk signaling pathway in mammalian
cells (31). In the previous study (4), it was not conclusively
shown that progestins activate this pathway via the endogenous
PR independently of ERa. In fact, in COS-7 cells, the response
to progestins depended on cotransfection of expression vectors
for ERa (4). Results with the mammary cell line MCF-12A are
not convincing in the absence of a demonstration that this cell
line is actually ER negative in terms of estrogen activation of
the Src/Erk pathway, because MCF-12A cells have been re-
ported to respond to estrogens (40). Alternatively, one has to
show that progestin activation of the Src/Erk cascade is not
inhibited by antiestrogens in breast cancer cells.

The reason why the interaction between PRB and c-Src
observed in vitro does not seem to play a significant role in
activation of the endogenous Src/Erk cascade in mammalian

cells may reside in the nature of the multiprotein receptor
complex sensing steroid hormones near the cell membrane.
We have shown that prior to the addition of any hormone,
there is a preformed complex between PRB and ERa (31). It
is possible that only the population of PRB complexed with
ERa responds to progestins in terms of activation of the en-
dogenous Src/Erk cascade, and this may depend on the orga-
nization of the various components of the multiprotein recep-
tor. Biochemical elucidation of the nature of this receptor
complex and its response to ligands may help our understand-
ing of the mechanism of cross talk between steroid hormone
receptors and the Src/Erk signaling pathway. The composition
of the receptor complex could be different in the cytoplasm of
Xenopus laevis oocytes, where the interaction of the proline
cluster region of PR with c-Src may play an important role in
progesterone-induced maturation (4).

Our findings with PRB are clearly different from those re-
ported for prostate cells with the AR, which has also been
shown to interact directly with the SH3 domain of c-Src (29).
In this case, there is a functional synergism between androgens
and estrogens, and a ternary complex between ERa, AR, and
c-Src can be detected by coimmunoprecipitation. These find-
ings suggest that the two receptors can interact simultaneously
with two different domains of ¢-Src, ERa with the SH2 domain
and AR with the SH3 domain. In the case of breast cancer
cells, there is no synergism between progestins and estrogens
in terms of Erk activation, and no ternary complex between
PRB, ERaq, and c-Src can be detected (31).

Genetic dissociation of progestin responses mediated by
cross talk with signaling pathways and by transcriptional reg-
ulation. One important question concerning the various sig-
naling mechanisms involving PR relates to the nature of their
target genes. We know that cross talk with the Src/Erk cascade
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is essential for cell proliferation in response to estrogens and
progestins (31), but we ignore the genes mediating this re-
sponse. We also know that direct transcriptional activation is
not required for the progestin cross talk with the Src/Erk path-
way, because a point mutation in AF2 that completely inacti-
vates reporter gene transactivation (19) does not abolish the
activation of Src/Erk (31). It will be interesting to use PR
mutants defective in specific signaling functions for studying
with DNA microarrays the populations of genes regulated by
direct transcriptional activation, by cross talk with ERa, or by
direct interaction with c-Src. It is also possible that two or more
of these signaling pathways are required for controlling the
expression of particular subsets of genes. The identification of
the relevant protein regions involved in the various interac-
tions and the construction of point mutations abolishing selec-
tively each of the individual signaling mechanisms would allow
this type of study. The results of these investigations could
identify additional targets for selective pharmacological inter-
ference with specific hormonal responses.

Although this work focused on the cross talk between steroid
hormone receptors and the Src/Erk pathway, it is obvious that
understanding cell regulation by steroid hormones will have to
take into consideration their cross talk with other signaling
pathways. The recently reported interaction of ER with the
P85 subunit of phosphoinositol-3-kinase (8, 35) and the subse-
quent activation of protein kinase B (PKB/Akt), as well as the
cross talk with signaling via small G protein-coupled receptors
(20), are of particular importance to understand the role of
steroid hormones in the physiology of their target cells through
the integrative function of their receptors.
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