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The molecular mechanisms by which ovarian hormones
stimulate growth of breast tumors are unclear. It has
been reported previously that estrogens activate the
signal-transducing Src/p2139Erk pathway in human
breast cancer cells via an interaction of estrogen recep-
tor (ER) with c-Src. We now show that progestins
stimulate human breast cancer T47D cell proliferation
and induce a similar rapid and transient activation of
the pathway which, surprisingly, is blocked not only
by anti-progestins but also by anti-estrogens. In Cos-7
cells transfected with the B isoform of progesterone
receptor (PRg), progestin activation of the MAP kinase
pathway depends on co-transfection of ER. A transcrip-
tionally inactive PRg mutant also activates the signaling
pathway, demonstrating that this activity is independ-
ent of transcriptional effects. PR; does not interact
with c-Src but associates via the N-terminal 168 amino
acids with ER. This association is required for the
signaling pathway activation by progestins. We propose
that ER transmits to the Src/p21@s/Erk pathway signals
received from the agonist-activated PR. These findings
reveal a hitherto unrecognized cross-talk between
ovarian hormones which could be crucial for their
growth-promoting effects on cancer cells.
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Introduction

breast cancer lines (Braunsbeztjal, 1987; Hisson and
Moore, 1987).

In spite of this widely acknowledged importance of
steroids as mitogens, the mechanisms by which they
stimulate cell proliferation have not been deciphered yet.
Regulation of growth factor production or stimulation by
steroids of expression of genes required for cell division
have been proposed (Weisz and Bresciani, 1993; Dickson
and Lippman, 1995). Among the possible targets are the
so-called early genes, such afosandjun-B, but estrogens
also induce anycexpression, and this could be related to
sustained growth (Weisz and Bresciani, 1993). In addition
to early genes, cell cycle-controlling genes, such as cyclin
D1, are also regulated by steroid hormones and could be
targets of estrogens and progesterone (Musgetdval.,
1994). The activity of the G1 cyclins could also be
influenced through an effect of ovarian hormones on
cyclin-dependent kinase (cdk) inhibitors (Musgraateal.,
1995; Planas-Silva and Weinberg, 1997; Peatl., 1997).
Moreover, estrogens could also participate in proliferation
in an indirect way by inducing the production of growth
factors (Dickson and Lippman, 1995). Recently, participa-
tion of the Src/Ras/MAP kinase pathway in estrogen-
induced growth has been postulated (Di Domergtall,
1996; Migliaccioet al., 1996).

Targeted disruption of the estrogen receptofER,)
gene clearly demonstrates a role for this receptor in the
post-natal development of the uterus and the mammary
gland, as homozygous ER female mice exhibit hypo-
plastic uteri and undeveloped mammary glands, with only
vestigial ducts present at the nipples (Luba&ti@l, 1993;
Korach, 1994). On the contrary, PRmice have normally
developed uteri at puberty but respond to repeated adminis-
tration of estrogens with a dramatic hyperplasia and
inflammation of the uterus, suggesting that progesterone
receptor (PR) is involved in controlling the proliferative
response to estrogens and in preventing uterine inflamma-
tion (Lydon et al, 1995). Progesterone is the actual
proliferative hormone in the post-puberty growth of the
mammary gland (Lydomet al,, 1995). While both stromal
and epithelial cells participate in mammary gland develop-
ment, it is the PR of epithelial cells which is essential for
lobulo-alveolar development (Humphregsal,, 1997). It

Ovarian hormones stimulate cell proliferation in several is very likely that the effect of PR is mediated through
female tissues (Clarke and Sutherland, 1990), in particularinduced expression of cyclin D1, since a disruption of
in the mammary gland, where estrogens and progesterondhis gene yields a very similar mammary phenotype,
increase alveolar formation and ductal branching, and arenamely lack of post-puberty development (Faetlal,
required for full lobulo-alveolar development (Warner 1995; Sicinskiet al, 1995).

et al, 1978). A positive role for progestins in mammary Steroids, in addition to regulating gene transcription
gland cell proliferation has been observed in a variety of (Beato et al, 1995), produce rapid, non-transcriptional
systems, including the mouse mammary gland (Bresciani, responses which in some cases are reminiscent of those
1968), mammary tumors of rodents (Kie$ al., 1986; evoked by peptide growth factors, suggesting an interaction
Manni et al,, 1987), primary culture of human mammary of steroids with cell surface receptors (Pappesal,
epithelial cells (Longman and Buehring, 1987) and human 1995). Vitamin D rapidly activates phospholipase C of
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Transduction pathway activation by progestins

intact enterocytes (Liebereheat al, 1989), and estrogen A
stimulates adenylate cyclase in different cells (Aronica Tme(min) 0 2 5 60 5 0 2 5 60 §
et al, 1994). Progesterone stimulates oocyte maturation RUABO- " . L o o o Lowg
in Xenopusby a mechanism involving activation of
protein kinases (Sagat al, 1989; Muslinet al., 1993).
Progestins also activate calcium influx in sperm -
(Blackmoreet al, 1990) and induce tyrosine phosphoryl- ClicPaplide: f o b & e = =
ation of a protein (Mendozat al, 1995). I antierke A
We have found that in MCF-7 mammary tumor cells, B
estradiol stimulates Src kinase and the MAP kinase e T
pathway very rapidly (Di Domenicoet al, 1996; I I B
Migliaccio et al, 1996). To investigate whether the prolif- =+ + - =
erative activity of progestins is mediated by a similar
mechanism, we have used T47D mammary tumor cells — | —
which are rich in PR (Chalbost al, 1982). Here we G 4 - b - o . b
report that progestins rapidly and reversibly stimulate IP: anti-ark2 Ab
the transducing pathway c-Src/pZIErk-2 (Schlessinger, c
1993) in these cells. Surprisingly, the activation of this sz
pathway by progestins not only requires thegRRit also AU486
ligand-free ER, as shown in T47D cells treated with sk
anti-estrogens and in Cos-7 cells transfected with the
appropriate receptors. In contrast to ER,gP#oes not o*— <-MBP
interact with c-Src, but it interacts with ER via its
N-terminal region which is absent in RRInterestingly,
a PR point mutant ineffective in transcriptional activation
still activates the signaling transduction pathway. The Fig. 1. Activation of Erk-2 in progestin-treated T47D cell)(Cells
relevance of this activation to cell proliferation is suggested ere left untreated or were treated for the indicated times with 10 nM
- - S . ... R5020 in the absence or presence of the anti-progestin RU4881)1
by experiments with c-Src inhibitors of different specifi- Cells were also not treated or treated for 5 min with R5020 in the
city. Our data show that in addition to cross-talk with absence or presence of 1 or g® ICI 182,780 @) or increasing
peptide growth factors (Ignar-Trowbridget al, 1992; concentrations (0.1, 1 and 30M) of OH-tamoxifen C). Cell lysates
Zhanget al, 1994) and neurotransmitter receptors (Power were immunoprecipitated using anti-Erk-2 antibody in the absence or

. _ ... presence of the C14 peptide against which the antibody had been
et al, 1991)' steroid receptors can also cross-talk with raised. The immunoprecipitates were assayed for Erk activity using

-+ MBP

4
4+

Cld-Peptide 4 4+ 4+ + + 4 = = - - -
IP: anti-erk2 Ab

each other. MBP as a substrate.

Results proteins immunoprecipitated from lysates by anti-Erk-1
antibody using MBP as a substrate. This effect is also

Progestin stimulation of Erk-2 activity in T47D inhibited by the anti-progestin (not shown). Surprisingly,

cells the stimulatory effect of the progestin on Erk-2 was

In order to study the effect of progestins on the MAP inhibited by different anti-estrogens. The pure steroidal
kinase pathway, we used T47D mammary carcinoma cells, anti-estrogen ICI 182,780 strongly inhibited the progestin
which contain ER and constitutive high levels of PR induction at a concentration of M, while 10 uM ICI
(Figure 2C). To reduce the levels of activated ER, the 182,780 reduced the Erk-2 activity even below the values
cells were maintained for 1 week in the presence of observed prior to hormone induction (Figure 1B). The
charcoal-treated serum and in the absence of phenol rednon-steroidal anti-estrogen OH-tamoxifen abolished Erk-2
a substance with a weak estrogenic activity (Berthois stimulation by R5020 at concentrations of 0.1-10 mM
et al, 1986). The Erk-2 activity in T47D cells treated for (Figure 1C).

different times with 10 nM of the synthetic progestin A comparison of the effects of estradiol and progestin
R5020 was evaluated by immunoprecipitation of cell on Erk-2 activity in T47D cells showed a similar stimula-
lysates with anti-Erk-2 antibody, followed by measurement tion by the two steroids, detectable after 2 and 5 min of
of the myelin basic protein (MBP) phosphorylating activity hormone treatment (Figure 2A). Itis perhaps more relevant
in the immunoprecipitates. R5020 treatment resulted in a that the progestin R5020 stimulated Erk-2 activity in
rapid stimulation of Erk-2 activity which was already T47D but not in T47D-Y cells (Figure 2B), which lack
detectable after 2 min, reached maximal values after 5 PR but are endowed with high ER levels (Sartokusl.,

min and returned to normal levels after 60 min. The anti- 1994) (Figure 2C). This finding confirms that Erk-2
progestin RU486 (1 mM) inhibited the stimulatory effect activation by the progestin requires the PR. Estradiol
of the agonist treatment, indicating that binding to the PR stimulated Erk-2 activity in T47D as well as in T47D-Y
is required for the progestin effect. No MBP phosphoryl- cells (Figure 2B), showing that the estrogen effect is
ation was detectable in the control immunoprecipitates independent of PR.

with the same anti-Erk-2 antibody but in the presence of

an excess of the Erk-2 peptide (C14 peptide), against Progestins increase GTP-bound p21™s and

which this antibody has been raised (Figure 1A). Five stimulate c-Src activity in T47D cells

minutes of R5020 treatment, in addition to stimulating We next analyzed the effect of progestins on steps of the
Erk-2, also enhanced Erk-1 activity weakly, measured on signal transduction pathway upstream of MAP kinases,

2009



A.Migliaccio et al.

A A 04
Tme (mn) 0 2 5 2 5 0 2 § 2 5§ 0,35
A5020 + + + = - 4+ + + - - 7%
03 7z
E - - - 4+ 4+ - - - + H g/
o 0,25 /
—— e — -+ MBP e %
w018 /
& .
Cld-Peplide = - - - = 4 4+ 4 4+ + o 01 /
IP: anti-ark2 Ab 0,05 %
B 0 Z
o R5020 R5020+ RS020+
[ T47D | T47D-Y | RU4BE  ICI
RS020 = « 4 4 = = 4+ + = = 4 = = +
Eﬁ”x w: o i de = oom e fe £ ocw s e B
B e ] S PR T
Time(mn) 0 2 5 15 60 0 2 5 15 60
- - le-MmBP
-— e |- enolase
ClaPoptide 4+ + + + - = = = 4 + + = = =
IP: anti-erk2 Ab
|P: anti-Src Ab - - - = = + + + + +
c contrsl Ab + + + + + - - - - -
[ T47D0 | T47D-Y] T47D | Ta47D-Y|
AS020 . 4 - o= - = 4 =g - -
E - -+ il A = c RS020 = + + +
] - 200 RU486 - - - +
P“-. ICI r - n ) r = . r + . =
— o7
PR = —— -4-enolase
— o |wEn
Blot: anti-PR anti-ER P aniScAb - + = + = + = +
control Ab 4 - -+ -+ -

Fig. 2. Activation of Erk-2 in progestin- and estrogen-treated T47D
and T47D-Y cells. &) T47D cells were treated for 2 and 5 min with Fig. 3. Effect of progestins on p2® and c-Src activity in T47D cells.

10 nM of either estradiol (§ or R5020. B) T47D cells were treated (A) Cells were radiolabeled witt?4P]orthophosphate and incubated

for 2 min with either B or R5020 in the absence or presence of for 4 min in the absence or presence of 10 nM R5020 either alone or
0.1 uM OH-tamoxifen; T47D-Y cells were treated with eithey & together with 1uM RU486 or 10uM ICI 182,780. Nucleotides bound
R5020. Cell lysates were immunoprecipitated using anti-Erk-2 to p212s were analyzed. The ratio GTP/GTP GDP averaged from
antibody in the absence or in presence of the C14 peptide, and the  two experiments is shownBj Cells were left untreated or were
immunoprecipitates were assayed for Erk activity using MBP as a treated with 10 nM R5020 for the indicated time€) (Cells were not
substrate. €) Western blot with anti-hPR or anti-ER (H222) treated or treated for 2 min with R5020 in the absence or presence of
antlbod|e§ of I_ysates from T47D qnd _T47D-Y cells left untreated or either RU486 or ICI 182,780. In (B) and (C), lysates were incubated
treated with either Eor R5020. M indicates the marker lane. with either anti-c-Src 327 antibody or control antibody. The

Molecular weights on the right are expressed in kDa. The arrows on  jmmunoprecipitates were assayed for Src kinase activity using acid-
the left indicate the positions of RRPRs and ER. treated enolase as a substrate.

such as p2% and c-Src. We measured the guanine and p21%S, stimulation of c-Src activity by R5020 was

nucleotides bound to pZtin [3?P]orthophosphate-labeled  strongly reduced by the pure anti-estrogen ICI 182,780,

T47D cells treated for 4 min with 10 nM R5020, in the suggesting that progestin activation of the entire pathway

absence or presence of anti-progestins or anti-estrogensrequires ER.

and calculated the GTP:GTR- GDP ratio using a

Phosphorimager. R5020 treatment increased the GTP:Comparison of ¢-Src and Erk-2 responses to EGF

GTP + GDP ratio 2.6-fold, and this increase was strongly and progestin

reduced or abolished by the addition of either the anti- To gain an impression of the relative magnitudes of

progestin RU486 or the anti-estrogen ICI 182,780 (Figure activation of the signaling cascade by progestin and by a

3A). These findings demonstrate that progestin activatesclassical growth factor, T47D cells were stimulated with

p21? by a mechanism that probably requires both PR either 10 nM R5020 or 100 ng/ml epidermal growth factor

and ER. (EGF), and the effects on c-Src and Erk-2 followed (Figure
Treatment of T47D cells with 10 nM R5020 for different  4A and B). The growth factor and the hormone stimulated

times enhanced c-Src kinase activity on enolase asc-Src and Erk-2 with similar intensities and kinetics. We

measured in cell lysates immunoprecipitated with mono- conclude that progestin activation of the signaling pathway

clonal 327 anti-c-Src antibody (Figure 3B). The activity is comparable with that following growth factor treatment.

was stimulated 2 and 5 min after hormone addition and

decreased to uninduced levels thereafter. Inmunoprecipit- Effect of tyrosine kinase inhibitors on progestin-

ates obtained with a control antibody were devoid of c-Src stimulated cell growth and Erk activation

kinase activity (Figure 3B). T47D cells were also treated It is known that activation of the c-Src/Ras/Erk pathway

with 10 nM R5020 for 2 min in the presence of either can lead to cell growth (Schlessinger and Ullrich, 1992).

1 uM of the anti-progestin RU486 or 10M of the anti- We explored the role of c-Src in the progestin stimulation

estrogen ICI 182,780 (Figure 3C). The stimulatory effect of of Erk-2 kinase activity and the link between the signal

R5020 on the c-Src kinase activity was almost completely transduction pathway activation and cell growth stimula-

abolished by the anti-progestin, indicating a requirement tion using two c-Src kinase inhibitors, genistein (Akiyama

for PR occupancy by the agonist. As in the case of Erk-2 and Ogavara, 1991) and PP1, a new, specific Src family
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Fig. 4. Effect of EGF and the progestin R5020 on c-Src and Erk-2 of Cla-Peptide + + + + - ~ .
T47D cells. Cells were left untreated or were treated for the indicated |P- antl-erk2 Ab

times with 10 nM R5020 or 100 ng/ml EGF. Cell lysates were either

incubated with control or anti-c-Src antibodies and the precipitates

assayed for c-Src activity using enolase as a substfgter( C
immunoprecipitated with anti-Erk-2 antibodies in the presence or

absence of the C14 peptide and the precipitates assayed for Erk-2

activity using MBP as a substratB)(

. . o . o .,-’,' - 52 4 -4+-MBP
kinase inhibitor (Hankeet al, 1996). The inhibitors were -
added to the medium together with R5020, and cell growth PP 0 100 30° 60 120
was followed for 4 days. Both inhibitors prevented cell IP: ant-erk2 Ab
gro_vvth stimulation by proge;tm to the same extent as the Fig. 5. Effect of tyrosine kinase inhibitors on progestin-induced cell
anti-estrogen ICI 182,780 (Figure 5A). To assay the effect growth and Erk-2 activity in T47D cellsA) T47D cells were left
of the two inhibitors on Erk-2 activity, cells were pre- untreated or were treated for 4 days in the absence or presence of
incubated with either genistein or PP1 for 18 h and Erk-2 12;2{';?]501%8 hﬁ'g’;el(gfw',\)ﬁfcilf‘l?;fggsfr?ecﬁ é’(‘; L?ri‘ttgzgg'ﬁCe”s
?‘Ct!"'.ty measured after 5 min O.f proggstln treatment.. E?Oth Eaft untreated or treated fole h with 4£M ’genistein or 1QuM PP1
inhibitors reduced progestin stimulation of Erk-2 activity, were incubated in the absence or presence of R5020 for 5 min. Cell
but the effect of PP1 was stronger, leading to a reduction lysates were immunoprecipitated by anti-Erk 2 antibodies and assayed
of Erk-2 activity below the level in uninduced cells (Figure for Erk-2 activity. Reduction of PP1 treatment from 18 h to 120, 60,
5B). The specificity of the action of PP1 on c-Src is 30 or even 10 min did not affect ‘the inhibition by PP1 of Erk-2
supported by the fact that 10 min and 18 h of PP1 treatment ™'Y stimulated by the progestic}.
are equally effective in abolishing Erk-2 stimulation by
R5020 (Figure 5B and C). These results suggest a causakffects on the signaling pathway in Cos cells require not
role of c-Src stimulation by progestin on both Erk-2 only binding to the PR but also expression of ER. They

activation and cell proliferation. also support the interpretation that the inhibitory effect of

anti-estrogens on the progestin stimulation of c-Src,3521
Progestin stimulation of Erk-2 and c-Src activities and Erk-2 in T47D cells (Figures 1-3) is a consequence
in COS-7 cells transiently transfected with of their binding to ER and the consequent blockade of
hormone receptors ER function.

The inhibitory effect of anti-progestins and anti-estrogens

on R5020 activation of the Src/p2YErk pathway sug- Progestin- and estradiol-induced association of ER
gests that progestin action is mediated by PR but also with ¢-Src in Cos-7 cells transiently transfected
depends on antagonist-free ER. To test this notion, Cos-7 with hER and hPRg cDNA

cells, which lack ER and PR, were transfected with either To investigate the molecular basis of the ER requirement
pSG5-HEGO plasmid encoding the human ER (Tedral,, for progestin action on the signaling pathway, we trans-
1989a), pSG5-hPRencoding the human RR(Kastner fected Cos cells with ER and BRexpression vectors,
et al, 1990) or with both plasmids, and the effects of treated the cells with R5020 or estradiol and immunopre-
progestins on MAP kinase activity were assayed. Both cipitated the cell lysates with anti-ER, anti-PR or anti-c-
receptors appear to be co-expressed at a similar levelSrc antibodies. Proteins from each immunoprecipitate
(Figure 6C). Figure 6A shows that in cells transfected were blotted separately with anti-ER, anti-PR and anti-c-
with either ER or PR expression vectors individually, Src antibodies (Figure 7A-C). In the immunoprecipitates
progestin treatment for 5 min did not significantly affect obtained with anti-ER antibody (Figure 7A), we detected
the basal level of Erk-2 activity. In contrast, in cells co- PR; independently of the hormonal treatment, whereas
transfected with both receptors, R5020 enhanced Erk-2c-Src was detected only when cells were treated for 2 min
activity. The stimulation of c-Src activity by R5020 also with either progestin or estradiol. This finding is consistent
required the simultaneous expression of both receptorswith the notion that, in the presence of hormones, c-Src
(Figure 6B). These findings demonstrate that the progestininteracts with ER pre-associated with PR, forming a stable
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A s e B confirming that progestin-induced ER—c-Src association
PSGSIPR = -+ = = 4 4+ + requires PR.
pesmEGe -+ 4 - - + 4 To explore further the functional significance of the
- |— wep interaction between ER and c-Src, we investigated the
effect of anti-hormones. The anti-estrogen ICl 182,780
O prevented the association of ER and c-Src induced by
' estradiol (Figure 7F). Furthermore, the stimulation of the
B e GO e B g interaction between ER and c-Src observed 2 min after
pSGE-NRR L R5020 treatment was prevented by either the anti-estrogen
s ot R I i S or the anti-progestin RU486 (Figure 7F). The observation
. i that in this experiment there is less ER—c-Src complex in
the presence of anti-hormones than in their absence is
Reced: = # il s;m" =k probably due to some residual estradiol still present in the
c e medium in spite of the charcoal treatment of the serum.
pSGS + + - - - - - -
D i e S A Tl il Interaction between PR, ER and c-Src in T47D cells
: —— — <+—FPRB We next attempted to define more precisely the interaction
. between PR and ER using immunoprecipitation and gene
— R —ER transfection experiments. When T47D cell lysates were
—— = immunoprecipitated by anti-PR antibodies, which recog-
o v nize both the A and B forms of PR (Figure 8A, panel a),
Fig. 6. Effect of progestin on Erk-2 and c-Src in Cos-7 cells as in Cos cells (Figure 7B) the co-immunoprecipitation
transfected with hER and hiRRDNA. (A and B) Cos-7 cells were of ER was observed before as well as after treatment with
transfected with either empty pSG5 vector, pSG5-HRFEG5-HEGO progestin or estrogen (Figure 8A, panel b). The association
or both the pSG5-hPRand pSG5-HEGO vectors. Thereafter, cells between PR and ER appeared to be independent of ligand
were left unstimulated or were stimulated with 10 nM R5020. Lysates . s . . .
from cells stimulated for 5 min were incubated with anti-Erk-2 as_ it was not inhibited by antl-progestlns or am"esm?gens
antibody @) whereas lysates from cells stimulated for 2 min were (Figure 8A, panel b). As in transfected Cos cells (Figure
incubated with anti-c-Src antibodieB){ The immunoprecipitates were 7B, C and E), PR did not associate with c-Src in T47D
assayed for Erk-2 (A) or c-Src (B) activity, respectivelg) Panels a cells (Figure 8A, panel ¢). As expected from the experiment

and b show blots of lysates from the experiments in (A) and (B) with

anti-PR or H222 anti-ER antibodies, respectively. with Cos cells (Figure 7A), when anti-ER antibodies were

used to immunoprecipitate T47D cell lysates, PR was co-

precipitated in the absence or presence of progestin or
ternary complex, but could also be explained by the estradiol as well as in the presence of antagonists, whereas
existence of two independent complexes containing ER co-precipitation of c-Src depended on treatment of the
associated with either RRor c-Src. Immunoprecipitation  cells with either progestins or estrogens (Figure 8B, panel
by anti-PR antibody (Figure 7B) showed association of c). The interaction of ER with c-Src was inhibited by
ER with PR in the absence and presence of hormones,anti-progestins and anti-estrogens. The experiments with
and failed to detect c-Src associated withgPRurther- T47D cells presented in Figure 8A and B confirm that, as
more, when proteins immunoprecipitated by anti-c-Src in Cos cells, only anti-ER antibodies immunoprecipitate
antibodies were analyzed (Figure 7C), c-Src was found the three proteins, ER, PR and c-Src.
associated with ER only in the presence of hormones, The hormone dependence of ER-Src interaction was
while no association with PRwas found, independently  also verified in T47D cells. The time course of the
of the hormonal treatment. Therefore, the results of progestin effect showed that prior to hormone induction
immunoprecipitation with anti-c-Src and anti-PR anti- there is no association of ER and c-Src and that equivalent
bodies do not support the existence of a stable ternaryamounts of c-Src are precipitated by anti-c-Src antibodies
complex including PR, ER and c-Src. at different times after hormone induction (Figure 8C,

The experiments with Cos cells co-transfected wit PR panel a). Following 2 and 5 min of progestin treatment,

and ER expression vectors leave open the possibility thatER co-immunoprecipitated with c-Src. This association
PRs is not found associated with c-Src because it is was no longer detectable thereafter (Figure 8C, panel b).
competed by ER. To test this possibility, Cos cells were Interestingly, the kinetics of the association between c-Src
transfected separately with either hER or RRRpression and ER are similar to those of the induction of c-Src
vectors and stimulated by estradiol or progestin, respect-activity in T47D cells stimulated by R5020 (Figures 3B
ively. Cell lysates were precipitated with anti-ER (Figure and 4A). This finding also supports a functional role for
7D) or with anti-PR (Figure 7E) antibodies, and proteins the interaction of ER with c-Src for the progestin induction
in the precipitates were analyzed by blotting with anti-c- of c-Src activity.
Src antibodies and either anti-ER (Figure 7D) or anti-PR
(Figure 7E) antibodies. RRwas not found associated Definition of ER and PR domains involved in
with c-Src in the absence of ER (Figure 7E), thus excluding signaling and receptor interactions
a competition between the two hormone receptors for Transfection experiments were also used to identify the
association with c-Src. In contrast, ER still associated ER domain involved in the functional association between
with c-Src after estradiol treatment, in the absence of PR this receptor and c-Src. Cos cells transfected with pSG5-
(Figure 7D). Moreover, progestin in the absence of its HEG19 synthesized an ER mutant lacking the N-terminal
receptor did not induce ER—c-Src association (Figure 7D), half, including part of the DNA-binding domain (Tora
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Fig. 7. Interaction between PR, ER and c-Src in Cos-7 cells transfected either with both hER gndDRR or separately with hER cDNA or
hPRscDNA. (A—C) Cos-7 cells were transfected with either empty pSG5 vector or both the pSG5-HEGO and pS§&8ebRIRs. Cells were left
untreated or were treated with either 10 nM R5020 for 2 and 5 min or 10 nM estrag)jdiofE2 min. Cell lysates in (A—C) were

immunoprecipitated with H222 anti-ER, anti-PR and ar8fc antibodies, respectively. Each immunoprecipitate was blotted with anti-ER, anti-PR or
anti-c-Src antibodies, and the expected position of the proteins in the blot is indicated by an BreowlK) Cos-7 cells were transfected with

either empty pSG5 vector, pSG5-HEGO or pSG5-gP®ells were left untreated or were treated withde R5020 for 2 min, and lysates were
incubated with either anti-ER (D) or anti-PR (E) antibodies. The immunoprecipitates were blotted with H222 anti-ER and anti-c-Src in (D) and with
anti-PR and anti-c-Src in (E)Fj Cos cells transfected with either empty pSG5 vector or both the pSG5-HEGO and pSGs#nii&s were left
untreated or were treated for 2 min with 10 nM R5020 in the absence or presence of gqifieRW486 or 10uM ICI 182,780, or for 2 min with

10 nM E; alone or together with 1AM ICI 182,780. Cell lysates were immunoprecipitated with anti-c-Src antibodies and blotted with anti-c-Src
and anti-ER antibodies.

et al, 1989b). This truncated ER was immunoprecipitated c-Src kinase activity in response to R5020, although both
by anti-c¢Src antibody (Figure 9A, panel a) and stimulated isoforms bind the hormone with equal affinity (Figure
c-Src kinase activity in the presence of estrogens to a 9B). These results identify the N-terminal portion of PR
similar level as the wild-type ER (Figure 9A, panel b). as the domain responsible for the association with ER,
In contrast, Cos cells transfected with pSG5-HEG15 and demonstrate that this association is essential for c-Src
synthesized a mutant ER lacking the C-terminal half activation.
including the ligand-binding domain (Kumat al., 1987).
This ER mutant did not associate with c-Src and did not In vitro ER-PR interaction experiments
stimulate c-Src activity (data not shown). Therefore, ER The interaction between the two hormone receptors was
association with c-Src and stimulation of c-Src activity analyzed further byn vitro experiments. A direct protein—
requires the C-terminal half of ER. protein interaction was observed by ‘far Western blotting’
Interestingly, only isoform B of PR (R but not between the immobilized, renatured ER and partially
isoform A (PRy) which lacks the first 168 amino acids of purified recombinant PR(Figure 9C, panel a). In pull-
PRg, associated with ER (Figure 8B, panel b). Moreover, down experiments, the GST-HEG14 (an ER mutant lack-
when expression vectors for the two isoforms of PR were ing the N-terminal half and the DNA-binding domain)
transfected in Cos cells, only BRind not PR activated bound recombinant RR identifying the C-terminal half
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Fig. 8. Interactions between PR, ER and c-Src in T47D cells. (A and
B) T47D cells were treated with 10 nM R5020 in the absence or

control Ab anti-Src Ab

presence of either tM RU486 or 10uM ICI 182,780 and with
10 nM estradiol alone or with ICI 182,780A) Cell lysates were

immunoprecipitated with anti-PR antibodies and then blotted with

either anti-PR (a), H222 anti-ER (b) or anti-Src antibodies (c).

(B) Cell lysates were immunoprecipitated with polyclonal anti-ER
antibodies and then blotted with either H222 anti-ER (a), anti PR (b)
or anti-Src (c) antibodiesQ) T47D cells were either not stimulated or
stimulated with R5020 for the indicated times. Cell lysates were
immunoprecipitated with control or anti-c-Src antibodies and blotted

with anti-c-Src (a) and anti-ER (b) antibodies.

9D, panels a and b). This shows that progestins exert their
effects on the Src/p2E/MAP kinase pathway independ-
ently of their genomic actions.

Discussion

We report that in T47D cells the progestin R5020 activates
the mitogenic c-Src/p23¥/MAP kinase signal transducing
pathway which is known to be stimulated by different
growth factors in different systems (Davis, 1993;
Schlessinger, 1993). Recently, it has also been reported
that this pathway is activated by estradiol in cell lines
derived from human mammary cancer and human colon
carcinoma (Di Domenicet al, 1996; Migliaccioet al,
1996). In addition, estradiol activation of MAP kinase
activity has been observed recently in an osteoblast-like
cell line (Endohet al, 1997) as well as in neuroblastoma
cells (Watterset al, 1997). The progestin stimulates c-Src
and Erk-2 activity of T47D cells with a magnitude and
kinetics similar to those of EGF. It requires its own
receptor for activation of the pathway, as the anti-progestin
RU486 inhibits the progestin stimulation of c-Src, 21
and Erk-2. This notion is supported further by the finding
that T47D-Y cells, which contain ER but lack PR, do not
respond to R5020 with Erk-2 stimulation whereas they
are estradiol responsive. This finding also excludes the
possibility that spillover of the progestin on the ER is
responsible for the R5020 activation of the signaling
pathway. To our great surprise, in addition to the PR, the
ER is also required for progestin stimulation of the
signaling pathway. This was suggested initially by anti-
estrogen inhibition of the stimulatory effect of R5020 on
the single steps of the pathway, and subsequently was
corroborated by the requirement of co-transfection of ER
with PR in Cos-7 cells in order to observe the stimulatory
progestin effect.

Aspects of the general mechanism of progestin activ-
ation have been analyzed. Immunoprecipitation experi-
ments in T47D and Cos-7 cells expressing ER alone or
both ER and PR show ligand-dependent association of
ER with c-Src. In contrast, association of c-Src with PR
is undetectable under all the experimental conditions used:
in T47D cells and in Cos cells transfected with both PR
and ER or PR alone, in the absence or presence of
agonists. The association of ER with ¢-Src is stimulated
not only by estradiol but also by R5020, with kinetics
similar to ¢c-Src stimulation by progestins in T47D cells.
This and the finding that the association is prevented not
only by anti-estrogens but also by anti-progestins, which
also prevent progestin activation of c-Src/FIMAP

containing the estrogen-binding domain as one region kinase, indicate a functional linkage between ER—c-Src

interacting wit

h PR (Figure 9C, panel b).

The progestin effect on c-Src activation is not
mediated by transcriptional effects of PRg

To exclude the possibility that the effect of progestins Erk-2 in T47D-Y cells. This is apparently due to the fact
could be mediated by a nuclear transcriptional effect, we that ER, unlike PR, is able to interact with c-Src. Therefore,

used a mutant of hHRRE911A, carrying a glutamic acid

association and progestin or estradiol activation of the
pathway. It is noteworthy that in contrast to progestins,
estradiol does not require the presence of the PR to
activate the pathway, as shown by its ability to stimulate

the ER—c-Src association is crucial for triggering the

to alanine substitution at residue 911, which binds hormone signaling pathway activation by both progestins and estra-

normally but is transcriptionally inactive (Gonet al,

diol. Use of the HEG19 (Torat al, 1989b) and HE15

1997). When expressed in Cos cells together with ER, (Kumar et al, 1987) ER mutants allows localization of
hPRs-E911A enhanced c-Src and Erk activities in response the domain involved in activation of c-Src to the C-terminal

to progestins as efficiently as the wild-type fEFigure

2014

portion of the ER.
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Fig. 9. ER and PR domains involved in signaling and receptor interacti@)sC6s cells were transfected with either empty pSG5 vector, pSG5-
HEGO or pSG5-HEG19. Cells were untreated or treated with estradiol for 2 min, and lysates were incubated with anti-c-Src antibodies. The
immunoprecipitates either were blotted with anti-ER antibodies (a) or incubated with enolase to assay the c-Src actB)tC(s).7(cells were
transfected with either empty pSG5 vector or pSG5-HEGO with or without pSG%-l0PRSG5 hPR vectors. Cells were untreated or treated for

2 min with R5020. Lysates were incubated with anti-c-Src antibody and the precipitates were assayed for Src kinase activity (a). Lysate aliquots
were blotted with anti-PR antibodies (bCY ER-PR interaction was studied vitro: lysates from Cos cells transfected with either empty pSG5
vector or the pSG5-HEGO vector were precipitated with anti-ER antibodies and submitted to ‘far Western blotting’ with recombin@jt PR
interaction of PIg overexpressed in Cos-7 cells with GST alone and GST-HEG14 was analyzeD)()og-7 cells were transfected with either
empty pSG5 vector or pSG5-HEGO alone or with either pSG5gWwiRl-type (WT) or pSG5 hPRE911A (911A) vectors. Cells were untreated or
treated for 2 or 5 min with R5020 to assaysec and Erk-2 activities, respectively. Cell lysates were incubated with anti-c-Src (a) and anti-erk-2 (b)
antibodies and the precipitates were assayed for Src kinase and Erk-2 activity.

The receptors for estrogens and progestins are found toassociation with c-Src of the ER (Figure 7C, panel b) are
be associated in T47D and Cos-7 cells. This associationconsistent with our model. However, this decrease is not
is necessary for activation of the MAP kinase pathway by evident in agonist-stimulated T47D cells, probably due to
progestins. The A isoform of PR, RRidentical to PR the large excess of PR over ER.
except for the absence of the N-terminal 168 amino acids An interesting question raised in this report is whether
(Kastner et al, 1990), neither associates with the ER the progestin activation of the signaling pathway is associ-
nor transmits the progestin stimulation to the signaling ated with the ability of PR to activate transcription. For
pathway. These experiments, in addition to identifying the this purpose, we have employed a new PR mutant which
domain of PR responsible for the association, demonstrate binds ligand but is transcriptionally inactive (Goegal.,
that this association is functional. 1997). This mutant is still capable of activating ¢c-Src and

Our analysis of proteins immunoprecipitated by differ- MAP kinase in response to R5020, indicating that the
ent antibodies, in different cells, under different conditions signaling pathway can be activated independently of
do not provide evidence for the existence of a stable transcriptional activation by the same ligand. The reason
ternary complex including PR, ER and c-Side results, for this independence might be that there are different
rather, are consistent with the existence of at least two sites of action of the steroid involved in the two processes.
separate pools of ER complexes, one constitutive, con-In addition to the main function of steroid hormone
taining PR, and the other ligand-induced, containing receptors localized in the nucleus and responsible for the
c-Src. We can speculate that ER and PR exist in two transcriptional effects, a small fraction of receptors might
conformations at equilibrium, one inactive, E&d PR be localized outside the nuclei in the vicinity of the
(in the absence of ligand or in the presence of anti- cytoplasmic membrane poised to trigger the pathway
hormones), and the other active, EBnd PR (in the which transduces signals from the membrane to the
presence of agonists). If only P&d ERform a complex nucleus.
and only ER interacts with ¢c-Src, then ERonce formed, In spite of accumulated evidence showing that ER plays
either by binding of estradiol or by contact with the a central role in cell proliferation both in the presence and
progestin-charged BRwould leave the complex and absence of its ligand (Vignoet al., 1987; Auricchioet al,,
interact with c-Src. The decrease in the levels of co- 1995; Pietraset al, 1995), the mechanisms by which
immunoprecipitated receptor in the presence of agonistssteroids exert their proliferative action are obscure. Anti-
when Cos cell lysates are incubated with anti-ER or anti- estrogens prevent activation of the stimulatory effect of
PR antibodies (Figure 7A and B, panel b) and the parallel R5020 not only through the signaling pathway but also at
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the level of cell proliferation (Figure 5A), suggesting that modulating cancer cell proliferation. Experiments are
the progestin effect on proliferation of T47D cells not under way to establish the cellular localization of the
only involves PR but also ER. This also indicates that the steroid receptors involved in c-Src activation as well as
same mechanism could be responsible for stimulation of the molecular interactions along this novel signaling
both the signaling pathway and cell proliferation. This pathway, and the role of this pathway in mammary cell

possibility is supported further by the observed effect of
tyrosine kinase inhibitors on both Erk-2 activation and

cell proliferation, suggesting that the progestin stimulates

proliferation through signaling pathway activation. The

proliferation.

Materials and methods

same signal transduction pathway has been proposedwyiaterials

previously to participate in estradiol-stimulated cell pro-
liferation (Di Domenicoet al,, 1996), and a role for c-Src

in the induction of mammary tumors has been postulated

(Guyet al, 1994). Use of cells transfected with dominant-
negative mutants or microinjected with antibodies to

Anti-p21@S rat monoclonal antibodies (clone Y 13-259), 327 mouse
ant-Src monoclonal antibodies, anti-mouse IgG and anti-rat IgG goat
antibodies were from Oncogene Science Inc. (Manahasset, NY). Anti-
Erk-1 and anti-Erk-2 rabbit polyclonal antibodies were purchased from
Santa Cruz Biotechnologies Inc. (Santa Cruz, CA). H222 rat monoclonal
antibodies against ER were a generous gift from Abbott (Abbott Park,

suppress specifically single steps of the signaling pathway IL). Rabbit anti-ER polyclonal antibodies were from Sigma (St Louis,

should be used to verify whether steroid activation of
the c-Src/p2BMAP kinase pathway really triggers cell
proliferation.

Evaluating the significance of the interactions described
here requires identification of targets of MAP kinase signal

activated by the ovarian hormones in breast cancer cells.

One possibility would be that ER itself is activated by
MAP kinase phosphorylation (Katet al, 1995), thus

MO). Mouse anti-PR monoclonal antibodies were from Stressgene Inc.
(Canada). All electrophoresis reagents were from Bio-Rad (Richmond,
CA). BA-85 nitrocellulose was from Schleicher & Schuell (Dassel,
Germany). Anti-mouse, anti-rat and anti-rabbit IgG alkaline phosphatase
(AP) conjugates were from Promega (Madison, WI). Protein G-
Sepharose beads, sodium orthovanadate, enolase, MBP, HEPES, PIPES,
phenylmethylsulfonyl fluoride (PMSF), polyethylene-imine cellulose
plates, guanosine and adenosine nucleotides were from Sigma; human
recombinant EGF was from Boehringer Mannheim Biochemica
(Germany). OH-Tamoxifen and ICI 182,780 were a gift from Zeneca

creating a positive feed-back loop for agonist-dependent (Basiglio, Italy). R5020 and RU 486 were a gift of Roussel-Uclaf

or ligand-independent effects of ER. Another possibility
is modulation of AP1 activity, as estrogens are known to
induce cfos and cjun gene expression (Weisz and

Bresciani, 1993). Activation of the MAP kinase pathway

(France). All reagents for cell culture media, including fetal calf
serum (FCS) were from Gibco (USA). All other reagents were of
analytical grade.

Cell culture

could serve to potentiate these effects either by acting Human breast cancer cells T47D and T47D-Y were grown routinely in

directly on c-Fos or c-Jun, or by regulating the expression
of the corresponding genes (Deng and Karin, 1994;
Derijard et al, 1994). A recent report shows that the
estrogen-induced fosearly gene transcription is mediated
by MAP kinase activation (Watteet al,, 1997). Alternat-
ively the targets could be genes involved in cell cycle
control. Mice lacking the cyclin D1 gene show abnormal
development of the mammary gland (Faetlal,, 1995;
Sicinski et al,, 1995), and both estrogens and progestins

10% CG in air atmosphere using plastic Petri dishes (100 mm) in
RPMI-1640 medium supplemented with phenol redglutamine

(2 mM), penicillin (100 U/ml), streptomycin (10Qg/ml), insulin

(0.2 U/ml) and 10% FCS. Prior to experiments, subconfluent cells were
maintained for 3—-4 days in the same medium, without phenol red,
containing 10% FCS and treated twice with charcoal-coated dextran
(CSS) prepared using a method described previously (Di Domenico
et al, 1996). Cells were passaged every 7 days and media changed
every 2 days. Cos-7 cells were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented as described above.

are known to induce cyclin D1 gene expression in breast Erk immunoprecipitation and activity assay

cancer cells (Musgrovet al, 1993; Altucciet al,, 1996)
although no classical hormone-responsive elements ca
be identified in the 5flanking region of the gene (Herber
et al, 1994). Activated p2% and MAP kinases (Lavoie
et al, 1996) induce cyclin D1 expression (Filmes al,,
1994; Lovecet al, 1994; Albaneseet al, 1995) and
activation of craf-1 leads to an accumulation of cyclin
D1 and a repression of the g## cdk inhibitor (Kerkhoff

Cell lysates were prepared as described previously (Migliaetial,
1996) and incubated with anti-Erk antibodies, and the pellets were assayed

nfor MBP (0.3 mg/ml) phosphorylation using-f2PJATP. Reactions were
g phospnory )

stopped by addition of 2 SDS—PAGE sample buffer and analyzed by
SDS-PAGE (13.5% acrylamide gel) followed by autoradiography.

p21"3-bound nucleotide analysis

T47D cells were maintained in phosphate-free medium for 16 h and
labeled with 0.5 mCi/dish offP]orthophosphate f@® h before treatment
with 10 nM progestin for 4 min in the absence or presence of either

and Rapp, 1997). Therefore, it is possible that the observedanti-progestin or anti-estrogen. Cell lysates were immunoprecipitated

c-Src/p28S/Erk pathway activation by steroids could
mediate the hormonal induction of this key cell cycle
gene. This would provide a rapid pathway for ovarian

with anti-p212 antibody (Y13-259) and nucleotides were analyzed
by PEl—cellulose chromatography according to a procedure reported
previously (Migliaccioet al., 1996).

hormones to potentiate the effects of growth factors acting jmmunoprecipitation of c-Src and ¢-Sre kinase assay
through membrane receptors. However, a recent reportCell lysates were prepared as described above, incubated witlg/m

has questioned this possibility (Lukas al,, 1996).
In conclusion, for the first time we observe that proges-
tins stimulate the c-Src/pZE#MAP kinase signaling path-
way. This stimulation occurs in T47D and transfected
Cos-7 cells when progestins bind to the B isoform of its
own receptor which is pre-associated with ER. Progestin
occupancy of the receptor induces association of ER wit

c-Src, which activates the pathway. This unorthodox cross-

talk between steroid hormones could have a role in

2016

mouse monoclonal anti-c-Src antibodies (clone 327) overnight at 4°C,
then added to an equal amount of goat anti-mouse 1gG antibodies and
incubated for an additional 30 min. At the end of the incubationp¥0

of a 50% suspension of protein G—Sepharose were added and incubation
continued for an additional 30 min. The samples were centrifuged and
pellets washed with 1 ml of lysis buffer four times and used for c-Src
kinase assays or eluted by Laemmli SDS—PAGE sample buffer and run

h on electrophoresis.

The activity of c-Src kinase was assayed using acidified enolase
(0.5 mg/ml) as a substrate. The incubation was performed as previously
reported (Di Domenicet al,, 1993)
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Immunoprecipitation of estradiol and PRs the cyclin D1 promoter through distinguishable regiods. Biol.

Cell lysates were prepared as described above, incubated with Chem, 270 23589-23597.

~0.5 pg/ml of anti-PR mouse monoclonal antibodies (SR-1110), AltucciL. et al (1996) 1PB-estradiol induces cyclin D1 gene

1 pg/ml of anti-ER rabbit polyclonal antibodies (Sigma, St Louis, MO) transcription, p36D1-p34cdk4 complex activation and plO5Rb
or rat monoclonal antibodies (H222), then added to an equal amount of  phosphorylation during mitogenic stimulation of G(1)-arrested human
goat anti-mouse or rabbit anti-rat IgG antibodies, respectively, together  preast cancer cell©ncogengl2, 2315-2324.

with 40 pl of a 50% suspension of protein G-Sepharose, and incubated Aronica,S.M., Kraus,W.L. and Katzenellenbogen,B.S. (1994) Estrogen
overnight at 4°C. At the end of the incubation, the samples were  action via the cAMP signalling pathway: stimulation of adenylate
centrifuged and pellets washed with 1 ml of lysis buffer four times, cyclase and cAMP-regulated gene transcriptrac. Natl Acad. Sci.
eluted by Laemmli SDS-PAGE sample buffer and run on electrophoresis.  ysa 91, 8517-8521.

. . . Auricchio,F., Di Domenico,M., Migliaccio,A., Castoria,G. and
Electrophoresis and immunoblotting ) Bilancio,A. (1995) The role of estradiol receptor in the proliferative
Samples were submitted to SDS-PAGE (10-13.5% acrylamide, acryl-  activity of vanadate on MCF-7 cellSell Growth Differ, 6, 105-113.
amide:bis-acrylamide ratio 37.5:1). At the end of the run, proteins from Beato,M., Herrlich,P. and S¢tmyG. (1995) Steroid hormone receptors:
gel slabs were electrophoretically transferred onto nitrocellulose filters many actors in search of a platell, 83, 851-857
at25Vv oyernight at room temperature using a transfer buffer containing Berthois,Y., Katzenellenbogen,J.A. and Katzenellenbogen,B.S. (1986)
50 mM Tris, 380 mM glycine, 0.1% SDS and 20% methanol. The filters — ppeng| red in tissue culture media is a weak estrogen: implications
were soaked in 10 mM phosphate-buffered saline (PBS), 0.1% Tween-  ,coming the study of estrogen-responsive cells in cultBrec.

20 pH 7.2 (PBST-buffer) containing 3% bovine serum albumin (BSA) Natl Acad. Sci. USAB3, 2496—2500

to block non-specific t_)inding sites (blocking soluti_on) an_d incubate(_i for BIackmore,P..F., .Beebe,’S.J., Danforfh,D.R. and Alexander,N. (1990)

inrt]i-b-ngeysv(vjirge/rgql?r? é?:gk?r?;egofﬁii:;)l?;\?%t v%airxzjha?TélaZﬁh?ggrt‘i%EsR Progesterone and 17 alpha-hydroxyprogesterone. Novel stimulators of
calcium influx in human spernd. Biol. Chem. 265 1376-1380.

for 10 min with PBST buffer. After washing, the filters probed with
anti-PR were incubated with AP-linked anti-mouse IgG antibodies and Braunsberg,H., Coldham,N.G., Leake,R.E., Cowan,S.K. and Wong,vv_.
(1987) Actions of progestogen on human breast cancer cells:

the filters probed with anti-ER were incubated with AP-linked anti-rat hani f th stimulati d inhibitidBur. J. C Cli
IgG antibodies (1:4000 dilution in PBST containing 1% BSA) for 45 mechanism or growth stimulation and inhibitiaaur. J. Cancer Clin.
d Oncol, 23, 563-571.

min at room temperature. Finally, filters were washed again as describe o -
above and protein-antibody complexes revealed according to the manu-Bresciani,F. (1968) Topography of DNA synthesis in the mammary
gland. An autoradiographic stud@ell Tissue Kinet 1, 51-63.

facturer’s instructions. -
Chalbos,D., Vignon,F., Keydar,I. and Rochefort,H. (1982) Estrogens

Tranfection of Cos-7 cells with ER and human PR cDNAs stimulate cell proliferation and induce secretory proteins in a human
The Cos-7 cells were grown routinely in 75 gplastic flasks in DMEM breast cancer cell line (T47D)Y. Clin. Endocrinol. Metah 55,
supplemented with 5% FCS. Fiyey of pSG5-HEGO or pSG5-HEG19 276-283. _ _

(Tora et al, 1989b), or 10ug of pSG5-HE15 (Kumaet al, 1987), Clarke,C.L. and Sutherland,R.L. (1990) Progestin regulation of cellular
pSG5-hPR, form A and B (Kastnet al, 1989) or pSG5-hPR-E911-A proliferation. Endocr. Rey 11, 266-302. o _
(Gong et al, 1997) were, separately or in association, transiently Davis,R.J. (1993) The mitogen-activated protein kinase signal
transfected into Cos-7 cells by electroporation (220 V, §5) using transduction pathwayl. Biol. Chem, 268 14553-14556.

the Gene Pulser apparatus provided with a capacitance extender (Bio-Deng,T.L. and Karin,M. (1994) c-Fos transcriptional activity stimulated
Rad). As a control, parallel Cos-7 aliquots were also transfected with by H-Ras-activated protein kinase distinct from JNK and ERH&ture
5-15 g of pSG5 vector alone. After 24 h, medium was changed to 371, 171-175.

phenol red-free DMEM supplemented with 5% charcoal-stripped FCS Derijard,B., Hibi,M., Wu,l.H., Barrett,T., Su,B., Deng,T.L., Karin,M.

for 48 h. and Davis,R.J. (1994) Jnk1: a protein kinase stimulated by UV light
and Ha-Ras that binds and phosphorylates the c-Jun activation domain.
In vitro ER-PR interaction Cell, 76, 1025-1037.

Lysates from Cos-7 cells transfected with pSG5-hPR-B cDNA were Di Domenico,M., Castoria,G., Bilancio,A., Migliaccio,A. and
incubated in the presence of 10 nM R5020 with glutathione—Sepharose  Auricchio,F. (1996) Estradiol activation of human colon carcinoma-
loaded with GST alone or GST-HEG14 (domains D, E and F of hER). derived Caco-2 cell growttCancer Res 56, 4516-4521.

The proteins were eluted with 5 mM glutathione, analyzed by SDS- Dickson,R. and Lippman,M.E. (1995) Growth factors in breast cancer.
PAGE and blotted with anti-PR antibody. HEGO from transfected Cos- Endocr. Rev.16, 559-589.

7 cells was immunoprecipitated with H222 mAb, analyzed by SDS- Endoh,H., Sasaki,H., Maruyama,K., Takeyama,K., Waga,l., Shimizu,T.,
PAGE and transferred onto a nitrocellulose filter. After denaturation/  Kato,S. and Kawashima,H. (1997) Rapid activation of MAP kinase

renaturation in 6-0.187 M guanidine hydrochloride, the filter was by estrogen in the bone cell linBiochem. Biophys. Res. Commun
incubated with recombinant hPR-B and blotted with anti-PR antibodies. 535 99102,
Histidine-tagged recombinant hPR was expressed in Sf9 insect cells Fantl,V., Stamp,G., Andrews,A., Rosewell,I. and Dickson,C. (1995) Mice
infected with appropriate baculovirus vectors and purified through a Ni lacking cyclin D1 are small and show defects in eye and mammary
column as described previously (Russmatral., 1997). gland developmentGenes Dey.9, 2364-2372.
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