0013-7227/96/$03.00/0
Endocrinology
Copyright € 1996 by The Endocrine Socicty

Vol. 137, No. 5
Printed in U.S.A.

Peptide Growth Factor Cross-Talk with the Estrogen
Receptor Requires the A/B Domain and Occurs
Independently of Protein Kinase C or Estradiol

DIANE M. IGNAR-TROWBRIDGE, MARIA PIMENTEL, MALCOLM G. PARKER,

JOHN A. McLACHLAN, ano KENNETH S. KORACH

Laboratory of Reproductive and Developmental Toxicology, National Institute of Environmental Health
Sciences, National Institutes of Health, Research Triangle Park, North Carolina 27709; and the
Molecular Endocrinology Laboratory, Imperial Cancer Research Fund (M.G.P.}, Lincoln’s Inn Fields,

London, United Kingdom WC2A 3PX

ABSTRACT

Modulation of steroid receptor-dependent transcription by extra-
cellular ligands represents a novel mechanism of steroid receptor
regulation. We have assessed the effects of epidermal growth factor
(EGF), transforming growth factor-a (TGFa), and insulin-like growth
factor 1 (IGF-I) on transcription from consensus estrogen response
elements (ERE) in estrogen receptor (ER)-positive BG-1 human ovar-
ian adenocarcinoma cells. EGF, TGFq, IGF-I, and estradiol (E,) en-
hanced transcription in a dose-dependent manner using either a
strong or a minimal promoter, and ICI 164,384, a specific ER antag-
onist, inhibited these responses. Combinations of E,, with TGFa or
IGF-I induced synergistic activation of transcription from an ERE,
whereas an additive response was observed with combinations of
IGF-1 and TGF« or EGF. Tetradecanoyl 12-phorbol 13-acetate (TPA),
a protein kinase C (PKC) activator, stimulated ERE-mediated tran-
scription, and this effect was inhibited by ICI 164,384. Bisindolyl-
maleimide, a relatively specific inhibitor of PKC, completely antag-
onized TPA-induced transcription, but did not affect the response to

TGF«, IGF-1, or E,. The combination of TPA with E, in transcriptional
synergism was inhibited by ICI 164,384; conversely, the combination
of TPA with either TGF« or IGF-I elicited a response only equal to the
maximal TPA response. Thus, peptide growth factors elicit ER-de-
pendent transcription independently of PKC; however, there may be
a common mechanistic component, as saturation of response was
observed. Finally, activation of ERE-dependent transcription in Chi-
nese hamster ovary cells by IGF-1 was observed in the presence of a
mutant receptor that lacks estrogen-binding activity. The effects of
both IGF-I and E, were dependent on the ability of the ER to bind to
DNA. IGF-I elicited only weak transcriptional activation in the pres-
ence of a deletion mutant that lacked the entire A/B domain; however,
synergism between IGF-I and E, was observed with this mutant.
Therefore, ligand-independent activation of ER-dependent transcrip-
tion by IGF-I is predominantly mediated through activation function
I by a mechanism distinct from that of E,. (Endocrinology 137: 1735—
1744, 1996)

STROGENS INDUCE myriad biochemical and morpho-
logical changes in their target tissues, ranging from
early events, such as phospholipid turnover, protein syn-
thesis, and inflammatory cell influx, to DNA synthesis and
cell proliferation, which occur much later. Other than the fact
that many of these effects are dependent on the estrogen
receptor (ER), the mechanisms by which these processes
occur have not been fully elucidated. There is increasing
evidence in the literature suggesting that peptide growth
factors may be integral mediators of estrogen action in both
normal and neoplastic tissue (1-3). We have previously dem-
onstrated that the ER is required for the estrogen-like effects
of epidermal growth factor (EGF) in the mouse uterus (4).
Furthermore, a requirement for the ER in EGF-induced pro-
liferation (5, 6) and induction of progesterone receptor levels
by insulin-like growth factor I (IGF-I) (7, 8) in MCF-7 human
breast cancer cells have been reported. These observations
suggest that peptide growth factors may influence the tran-
scriptional activity of the ER or other factors in the ER-
transcriptional complex. This hypothesis is supported by
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reports of ligand-independent regulation of transcription, in
which dopamine, an extracellular ligand, regulated tran-
scription induced by certain members of the steroid receptor
superfamily (9, 10).

We have previously demonstrated that EGF and trans-
forming growth factor-a (TGFa) can induce transcription
from an estrogen response element (ERE) in an ER-depen-
dent manner in ER-negative Ishikawa human endometrial
adenocarcinoma cells (11). In addition, transcriptional syn-
ergism between 17B-estradiol (E,) and either EGF or TGFa
was observed. Aronica and Katzenellenbogen (12) similarly
demonstrated ER-dependent activation of transcription in
response to IGF-I in ER-positive rat uterine primary cells.
They also observed that elevation of intracellular cAMP lev-
els induced progesterone receptor expression and ER-de-
pendent transcription (8, 12). Furthermore, a protein kinase
inhibitor suppressed transcription elicited by E,, IGF-I, and
cAMP, suggesting that a common signal transduction path-
way regulates the effects of these agents on ER-mediated
transcription in primary rat uterine cells (12). Transcriptional
activity of the androgen receptor is regulated by IGF-I, EGF,
and keratinocyte growth factor in prostatic carcinoma cell
lines (13), which suggests that peptide growth factor cross-
talk with nuclear hormone receptors may represent a global
regulatory mechanism. In the present report, we extended
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our initial observations of regulation of ER-dependent ERE-
mediated transcription by EGF in BG-1 cells, which contain
abundant endogenous ER (11). We assessed the effects of
TGFa and IGF-I on induction of ERE-mediated transcription
alone and in combination with E,. The effects of IGF-I were
studied to determine 1) whether a peptide growth factor
other than those that activate the EGF receptor would also
influence ER-mediated transcription, 2) whether two differ-
ent peptide growth factor receptor systems interacted with
each other or E, with respect to ER-dependent transcription,
and 3) whether different peptide growth factors communi-
cate with the ER via the same second messenger systems. We
have assessed the contributions of protein kinase C (PKC)
and protein kinase A (PKA) pathways to ER-mediated tran-
scription in BG-1 cells.

Both mouse and human ERs contain two independent
transcriptional activation domains, known as activation
functions [ and II (AF-1 and AF-2) (14, 15). AF-1 is located in
the N-terminal A/B domain, and the C-terminal AF-2 con-
tains the ligand-binding domain and is active in the presence
of E,. The transcriptional activities of AF-1 and AF-2 are
promoter and cell type specific, and it has been demonstrated
that AF-1 and AF-2 act synergistically to produce the level of
transcription observed with the intact ER (15). We have pre-
viously shown that EGF can activate transcription from an
ERE in the presence of an N-terminal mouse ER mutant
(amino acids 1-339) to almost the same extent as with the
full-length receptor in Ishikawa cells (11). Residual activity
was observed with the C-terminal portion of the receptor
(amino acids 121-599); thus, we hypothesized that peptide
growth factors may require the AF-I portion of the ER for
induction of transcriptional activity. In this report, the in-
teractions of IGF-I with various ER mutants in Chinese ham-
ster ovary (CHO) cells were evaluated to 1) extend our pre-
vious findings of interactions between EGF and ER mutants
in [shikawa cells to a different peptide growth factor receptor
system, 2) determine the pattern of IGF-I activity and what
portion of the ER is necessary for synergism between IGF-I
and E,, and 3) assess IGF-I activity in the presence of a
full-length ligand-binding domain mutant or a mutant re-
ceptor that does not bind DNA.

Materials and Methods
Materials

Human recombinant EGF, TGFe, and IGF-I were purchased from
Collaborative Biomedical Products (Bedford, MA). E,, retinoic acid,
progesterone, 12-O-tetradecanoy! 12-phorbol 13-acetate (TPA; P8139),
8-bromo-cAMP (8BrcAMP), sodium salt, phenol red-free DMEM-Ham'’s
F-12 medium (DMEM-F12), sodium bicarbonate, and penicillin-strep-
tomyecin solution were purchased from Sigma Chemical Co. (St. Louis,
MO). Okadaic acid (potassium salt) was obtained from LC Services
Corp. (Woburn, MA). Bisindolylmaleimide was purchased from Cal-
biochem (La Jolla, CA). Heat-inactivated FBS and fungizone were pur-
chased from Life Technologies (Gaithersburg, MD). ICI 164,384 was a
gift from Dr. A. E. Wakeling (ICI Pharmaceuticals, Mereside, UK). Trans-
fectam and pCAT promoter reporter vector were purchased from Pro-
mega Corp. (Madison, WI). The pSGS eukaryotic expression vector was
obtained from Stratagene (La Jolla, CA). Chromagram TLC sheets were
purchased from Eastman Kodak Co. (Rochester, NY). Acetyl coenzyme
A and ["*C]chloramphenicol (55 Ci/mmol) were obtained from Phar-
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macia LKB Biotechnology (Piscataway, NY) and Amersham Corp. (Ar-
lington Heights, IL), respectively.

Cell culture and CAT assay

BG-1 human endometrial adenocarcinoma cells (16) and CHO cells
were grown in 10% FBS in DMEM-F12 containing penicillin-strepto-
mycin and 0.1% fungizone. Cells were plated on six-well Falcon plates
(Falcon Plastics, Oxnard, CA) in DMEM-F12 medium plus penicillin-
streptomycin containing 5% FBS for 24 h and then incubated in medium
with 0.5% FBS for 24 h before transfection. At approximately 50-60%
confluency, the cells were washed with medium twice and transtected
with a reporter vector (3 ug/well) using Transfectam, a synthetic cat-
ionic lipopolyamine molecule (17), in DMEM-F12 without FBS. The ratio
of Transfectam to DNA was approximately 3:1 in all experiments. The
CHO cells were cotransfected with a reporter construct, AzE1b-CAT (3
pg/well), and constructs that expressed full-length mouse ER and var-
ious mutants (0.15 ug/ well). After 5 h, the cells were washed twice with
PBS, and treatments were added in DMEM-F12 plus penicillin-strep-
tomycin without FBS for 18 h. The cells were then harvested, and two
wells were pooled for each determination. An aliquot was removed for
determination of the total number of cells before the cells were pelleted,
resuspended in 0.25 M Tris-Cl, pH 7.8, and lysed by three freeze-thaw
cycles. Chloramphenicol acetyltransferase (CAT) activity was deter-
mined in a 150-ul assay mixture containing ["*C]chloramphenicol, 0.25
M Tris (pH 7.8), and 0.53 mm acetyl coenzyme A and incubated for 60
min at 37 C. Ethyl acetate-extracted products were analyzed by TLC
followed by autoradiography and liquid scintillation counting. CAT
activity is expressed as the percent conversion of ["*C]chloramphenicol
from unacetylated substrate to acetylated products per 10° harvested
cells.

Cell proliferation

BG-1 cells were plated in 12-well Falcon plates at 1.0 X 107 cells/ well
in DMEM-F12 medium plus penicillin-streptomycin containing 5% FBS
for 24 h. Cells were then incubated for 18 h in the DMEM-F12 medium
containing 0.5% FBS. The cells were washed three times, and serum-free
medium containing peptide growth factors and/or E, was added to the
wells. The medium containing additives was changed every 24 h. Cells
were harvested in 0.5 ml 0.5% trypsin diluted in 15 ml isoton and were
quantitated using a Coulter counter (Coulter Electronics, Hialeah, FL).

Plasmids

Three reporter constructs were used in these studies (see Table 1),
which were used to compare strong vs. minimal promoters and a con-
sensus element in a homologous or heterologous context. The vitA2ERE-
pCAT vector (18) contains a consensus ERE upstream of the SV40 early
promoter driving CAT expression (pCAT promoter vector, Promega
Corp., Madison, WI) and was a gift from Dr. Christina Teng (NIEHS).
The ERE-E1bCAT plasmid (19) was a gift from Dr. John Cidlowski
(University of North Carolina). This plasmid contains a portion of the
vitellogenin A2 promoter (—331 to —87) inserted into the pEIbCAT
vector (20) in which the adenovirus E1b TATA sequence is immediately
upstream of the CAT gene in pSP72 (Promega). The AzE1b-CAT plasmid
was a gift from Dr. Vicki Davis (NIEHS) that contains a consensus ERE
upstream of the E1b TATA minimal promoter. The PJ3 MOR expression
vectors containing the wild-type (WT) mouse ER complementary DNA
(21) (amino acids 1-599), amino acids 1-339 deletion mutant, amino

TABLE 1. Reporter constructs

I. vitA2ERE-pCAT
5'-GATCTAGGTCACAGTGACCTA —-SV40 early promoter—
CAT-3’

II. ERE-E1bCAT
5'-331 to —87 vitA2 promoter —-AGGGTATATAATG—CAT-3’

(E1bTATA)

III. AzE1bCAT

5'-GACCAGGTCAGCGTGACCGGAGC—E1bTATA—CAT-3’

Consensus ERE sequences are in boldface type.
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acids 121-599 deletion mutant, amino acids 182-599 deletion mutant,
GH25R, and C241A/C244A were constructed as previously described
(14, 22, 23).

Results and Discussion

Effects of peptide growth factors on BG-1 cell ER levels,
proliferation, and ER-dependent transcription from an ERE

To evaluate the physiological responsiveness of BG-1 cells
to peptide growth factors and estrogen, the effects of TGFa,
ICF-1, and E, on BG-1 cell proliferation were assessed (Fig,.
1). TGFa and IGE-I stimulated proliferation of BG-1 cells over
a 3-day period in serum-free medium in a dose-dependent
manner when treated with 1, 10, or 100 ng/ml concentra-
tions. At the highest dose of peptide growth factor, a 200-
250% increase in proliferation was observed. A physiological
dose of B, (1 X 10 """ m) had very little activity in this assay,
but consistently stimulated proliferation approximately 20—
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FiG. 1. Proliferation of BG-1 cells in response to peptide growth fac-
tors and E,,. BG-1 cells were cultured and proliferation was assessed
exactly as described in Materials and Methods. The doses of IGF-T1(A)
and TGF« (B) are indicated. The effect of 1 X 10 '" M E, is shown in
B. Fresh medium containing treatments was added every 24 h. The
data from five separate experiments arc expressed as the mean * SeM
(n = 9-12 wells).
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30%. We previously reported that treatment of BG-1 cells
with 100 ng/ml TGFa for 18 h resulted in a 40% reduction
in ER levels (11). We observed in subsequent experiments
that the suppression of ER levels was greatest 18 h after
treatment with 100 ng/ml TGFa and recovered by 24 h,
whereas 1 X 10 " M Es suppressed ER levels maximally by
6 h, and the suppression persisted for at least 24 h (data not
shown). Repression of ER messenger RNA and receptor
binding by E, treatment have been demonstrated to persist
for 24-48 h in MCF-7 cells (24). The transient suppression by
TGFa compared to that by E, could very well be e\plamod
by the stability of the pcptldc growth factor under cell culture
conditions and/or receptor-mediated internalization and
degradation over a 24-h period, resulting in low concentra-
tions of TGF« in the medium. It has also been reported that
phorbol esters, which are thought to modulate the activity of
PKC, also suppressed cellular levels of ER protein and mes-
senger RNA in MCF-7 cells (25). Thus, a similar pattern of ER
regulation has been reported for three different potential
regulators of ER-mediated transcription.

We assessed whether the peptide growth factors that elicit
physiological responses could also regulate ER-dependent
transcription from an ERE. This experiment as well as all
other transfection experiments described herein were per-
formed in serum-free, phenol red-free medium, as described
in Materinls and Methods. EGF, TGF«, IGF-1, and E, enhanced
transcription in a dose-dependent manner in BG-1 cells
transfected with a CAT reporter vector that contained a 20-
mer consensus ERE and the simian virus 40 (SV40) early
promoter (vitA2ERE-pCAT) (Fig. 2, A and B). The effect of
E, was also dose dependent, with maximal stimulation oc-
curring between 1 X 107" and 1 x 10 '% m. Neither the
peptide growth factors nor E, at maximal doses enhanced
transcription from the pCAT control vector (data not pre-
sented). The data in Fig. 3A demonstrate that the transcrip-
tional effects of all three growth factors (100 ng/ml) and E,
(1 X 10 " m) were dependent on the ER, as 1 X 10~ m ICI
164,384, a pure antiestrogen (26), inhibited stimulation of
transcription by these agents. The effect of TGFa was more
consistent and slightly more potent than that of EGF; thus,
TGFa was used as the ligand for the EGF receptor in most of
the studies presented below. Figure 3B depicts similar ex-
periments performed with BG-1 cells that had been trans-
fected with the ERE-E1bCAT minimal promoter reporter
vector, which contains the vitellogenin A2 enhancer se-
quence (—331 to —87). TGFa, IGF-1, and E, stimulated tran-
scription from this reporter construct, and this effect was
reversed by ICI 164,384, This experiment demonstrates that
the enhancement of transcription by peptide growth factors
was not dependent on the presence of the strong SV40 early
promoter. In addition, these results show that the cffect of
growth factor on transcription occurred in the presence of an
ERE consensus clemhent in a homologous context (ERE-
E1bCAT) as well as in a heterologous context (vitA2ERE-
pCAT). The effect of IGF-I was enhanced in relation to E» in
the presence of the ERE-ETbCAT construct compared to the
heterologous construct (vitA2ERE-pCAT). One possible ex-
planation for this observation is that IGF-I may interact with
otherenhancer elements in the vitA2 promoter (-331 to —87)
besides the ERE.
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FiG. 2. Dose-response curves of peptide growth factor effects on ERE-
mediated transcription. BG-1 cells were cultured, transfected, and
treated as described in Materials and Methods. Cells were transfected
with 3 pug/well vitA2ERE-pCAT reporter plasmid. Cells were treated
as indicated with growth factors (A) or E, (B). Data are from three
experiments and are expressed as the mean = SEM (n = 5-6, where
each value represents two pooled wells).

Effect of combinations of peptide growth factors and E, on
proliferation and transcription

Incubation of BG-1 cells with a combination of IGF-I and
E, elicited a proliferative response that was equal to the sum
of their individual effects (Fig. 4). The combination of IGF-I
and TGF« resulted in a proliferative response that was less
than additive (245% of the control value; data not shown).
The combination of all three agents yielded the highest pro-
liferative response, which was only 20% greater than the
combination of IGF-I and E,. Although Thorsen et al. (27)
demonstrated that concomitant treatment of MCF-7 cells
with E, and IGF-I enhanced proliferation and DNA synthesis
in a synergistic manner, we did not observe this type of
response in BG-1 cells.

We previously demonstrated that concomitant treatment
with TGFa and E, results in synergistic activation of ERE-
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Fig. 3. Effect of the ER antagonist ICI 164,384 on transcription in-
duced by peptide growth factors and E, in BG-1 cells. Cells were
transfected with 3 ug/well vitA2ERE-pCAT (A) or EREE1b-CAT (B)
and pretreated with 1 x 10 7 M ICI 164,384 or vehicle (final concen-
tration, 0.1% ethanol) for 30 min before the addition of 100 ng/ml of
the indicated growth factors or 1 X 10 ' M E,. The data in A are a
pool of four experiments (n = 3-6, where each value represents two
pooled wells). The data in B are from five experiments and are ex-
pressed as the mean * SEM (n = 4-7).

dependent transcription in Ishikawa cells containing exog-
enous ER (11). Thus, we were interested in the interactions
between E, and peptide growth factors in BG-1 cells that
contained endogenous ER. The data in Fig. 5A depict the
effect of combinations of IGF-I or TGFa with E, in BG-1 cells
transfected with the vitA2ERE-pCAT construct. A greater
than additive response was observed in cells treated with
combinations of maximally effective doses of E, and either
growth factor. IGF-I and E, treatment resulted in a clearly
synergistic response in that the calculated sum of the indi-
vidual inductions of transcription was 11.5-fold, whereas the
experimental response was 27-fold. Conversely, only an ad-
ditive effect on transcription was observed with the combi-
nation of E, and IGF-I using the EREE1b-CAT minimal pro-
moter reporter (data not shown). This tinding indicates that
the synergism between peptide growth factors and E, on
ER-mediated transcription may be enhancer or promoter
specific. Synergism between progesterone and EGF on pro-
gestin response element-dependent transcription has also
been reported in T47D breast cancer cells (28). However, our
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FiG. 4. Proliferation of BG-1 cells in the presence of combinations of
E, and peptide growth factors. BG-1 cells were cultured as described
in Materials and Methods. Cells were treated with 10 ng/ml growth
factors, 1 x 10 ' M E,, or combinations thereof, as indicated. Fresh
medium containing treatments was added every 24 h. I/E2, The com-
bination of IGF-I and E,; I/E2/T, the combination of IGF-I, E,,, and
TGFa. The data are from two experiments and are expressed as the
mean * SEM (n = 6),

observations of synergistic and/or additive transcriptional
activation in Ishikawa cells (11) and BG-1 carcinoma cells
contrast with those of Aronica and Katzenellenbogen (8, 12).
In their studies of primary rat uterine cells, they observed
neither synergism nor additivity between IGF-1 and E, with
respect to ERE-dependent transcription or elevation of pro-
gesterone receptor levels. Thus, combinatorial effects on
transcription may be both promoter and cell type specific.

In contrast to the synergism observed between E, and
growth factors in the presence of the vitA2ERE-pCAT re-
porter, such an interaction was not observed with combina-
tions of IGF-I with either EGF or TGFe, inasmuch as their
combined response was only additive (Fig. 5B). An additive
response could indicate that agonists of the IGF-I receptor
and EGF receptor act through two different pathways that do
not converge. However, the maximal effect of the growth
factors is probably limited by the concentration of their mem-
brane receptors. We previously showed that the effect of EGF
in Ishikawa cells on transcription was dependent on the EGF
receptor (11). Thus, additivity of the growth factor responses
does not rule out the possibility that they may exert their
ER-dependent transcriptional effects through a common in-
tracellular pathway.

Effects of TPA and 8BrcAMP on ER-dependent

transcription

One of the initial biochemical events in uterine cells after
estrogen treatment is enhanced phosphorylation of the ER
(29). However, hyperphosphorylation has also been ob-
served after ER antagonist treatment (12). Thus, the role of
phosphorylation per s¢ in transcriptional activation is still not
fully elucidated; however, evidence exists suggesting that
phosphorylation events may contribute to enhanced tran-
scriptional activation of nuclear hormone receptors (12, 30,
31). Kinases have been identified that mediate nerve growth
factor and EGF signaling to c-fos and communication of fi-
broblast growth factor with myogenic helix-loop-helix tran-
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Fic. 5. Effect of combinations of E, and peptide growth factors on
ERE-mediated transcription BG-1 cells were transfected with 3 g/
well vitA2ERE-pCAT for 5 h before treatments were added. Cells were
treated with 50 ng/ml peptide growth factors, 1 X 10 '* M E,, or
combinations thereof as indicated. In A, T/E2 is TGF« and E,, and
I/E2 is IGF-1 and E,. In B, E/l is EGF and IGF-1, T/I is TGF« and
IGF-1, and E/T is EGF and TGFa. Data are from three experiments
and are expressed as the mean = SEM (n = 5-6).

IGF E/I T/

scription factors (32, 33). Given this evidence, we assessed the
involvement of the PKC and PKA signaling pathways in the
cross-talk between peptide growth factors and the ER in BG-1
cells to determine whether these pathways contribute to the
transcriptional effects of the peptide growth factors. In BG-1
cells transfected with the vitA2ERE-pCAT reporter, treat-
ment with the PKC activator TPA resulted in activation of
transcription that was greater than the maximal effect of E,
(Fig. 6). Dose-response curves showed that the maximal ef-
fect of TPA on transcription occurred in the range of 50-100
num TPA (data not presented). ICI 164,384 (1 X 10 7 m) almost
completely inhibited the elevation of transcription elicited by
50 or 100 nm TPA (100 nm TPA, presented in Fig. 6). The PKC
inhibitor bisindolylmaleimide (1 um) abolished the effect of
TPA on transcription, but had no effect on the stimulation
elicited by E,, IGF-1, or TGF« (Fig. 6). No toxicity was ap-
parent in BG-1 cells treated with doses up to 1 um of this
inhibitor; however, treatment with another PKC inhibitor,
H7, was toxic in our serum-free system. The interaction of
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Fic. 6. Transcriptional activation by TPA and its inhibition by a PKC
inhibitor and ER antagonist. BG-1 cells were transfected with 3 g/
well vitA2ERE-pCAT and pretreated with 1 uM bisindolylmaleimide
or vehicle (dimethylsulfoxide) for 30 min before the addition of 100
ng/ml peptide growth factors, 100 nM TPA, or 1 x 10" '* M E,. The ICI
164,384 treatment was performed as described in Fig. 3. The data are
from four experiments and are expressed as the mean * SEM (n =
4-9).
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Fic. 7. Effect of combinations of TPA and peptide growth factors or
E,. BG-1 cells were transfected with 3 pg/well vitAZERE-pCAT and
treated with 50 nm TPA, 100 ng/ml peptide growth factors, 1 x 107'°
M E,, or combinations of these agents. Combinations of TGFa, IGF-I,
or E, with TPA are shown on the right and are signified by these
treatments underlined by TPA. The last bar on the right represents
cells pretreated for 30 min with ICI 164,384 (1 x 10~ " M) followed by
the combination of E; and TPA. These data are from two experiments
and are expressed as the mean = SEM (n = 3—4).

TPA with the ER is dependent on PKC activation, but PKC
does not mediate the response to the peptide growth factors
or E‘;.

Treatment of BG-1 cells with combinations of growth fac-
tors (100 ng/ml) or E, (1 X 107 ' m) with 50 nm TPA yielded
contrasting results (Fig. 7). A robust synergism between E,
and TPA was observed using a strong SV40 early promoter
(vitA2ERE-pCAT; Fig. 7) or a minimal promoter-consensus
ERE reporter construct (AZE1b-CAT; data not presented). In
both cases, the stimulatory effects were inhibited by 1 x 1077
M ICI 164,384 (Fig. 7; data not presented). In the presence of
the SV40 early promoter, the antagonism of the combination
of TPA and E, was not complete, but was similar to the
residual activity observed with TPA alone after pretreatment
with ICI 164,384 (Fig. 6; ~9-fold). The residual activity might
be attributed to an interaction between TPA and the pro-
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moter itself; however, it has been demonstrated that al-
though a phorbol ester can activate transcription via the SV40
enhancer, it has no activity in the presence of only the SV40
promoter (34), which is contained in the vitA2ERE-pCAT
vector. Thus, the majority of the transcriptional effect of TPA
and the synergism between TPA and E, is dependent on
the ER.

The transcriptional response in BG-1 cells treated with a
combination of TGFa or IGF-I and TPA was not synergistic
or additive (Fig. 7). The combination of IGF-I and TPA elic-
ited a slightly greater response, but was not additive. As
discussed above, although the combination of EGF or TGFa
with IGF-I resulted in enhancement of transcription that was
merely additive (Fig. 5B), it is possible that both growth
factors interact with the ER through the same intracellular
pathway because their individual effects could be limited by
saturation of the membrane receptor signal transduction
mechanism. Likewise, it could be inferred from Fig. 7 that
growth factors do not depend on PKC for interaction with
ER-dependent transcription, but there may be some common
component in the pathway that is saturable by TPA alone,
which could explain the lack of further enhancement of tran-
scription by the combination of TPA and growth factors. One
possible explanation for this observation is that the peptide
growth factor and PKC signaling pathways could affect the
same site(s) on the ER or an associated coactivator protein.

An activator of PKA, 8BrcAMP (1 X 10~* m) elicited a
3.5-fold increase in transcriptional activity from vitA2ERE-
pCAT, whereas TGFq, IGF-I, and E, induced 7.5-, 14.5-, and
11-fold increases in CAT activity (Fig. 8). The effect of
8BrcAMP was completely blocked by ICI 164,384, which
indicates that the response was dependent on the ER (data
not presented). We attempted to assess the effect of inhibition
of PKA activity on the growth factor and estrogen effects by
treating cells with protein kinase inhibitor (Sigma P0300,
20-amino acid sequence, rabbit). However, doses reported to
be effective in cell culture were toxic to the BG-1 cells under
our experimental conditions. In contrast to our observations
in BG-1 cells, Aronica and Katzenellenbogen (12) have re-

20
16

12 1

Fold increase in CAT activity

TGF IGF1 E2 8BR TGF |IGF E2

+ 8BR

Fig. 8. Effect of 8BrcAMP on ERE-mediated transcription alone and
in combination with peptide growth factors or E,. BG-1 cells were
transfected with 3 pg/well vitA2ERE-pCAT and treated with 1 x 1071
M 8 Br cAMP, 100 ng/ml peptide growth factors, 1 x 107 ' M E,, or
combinations of 8BrcAMP with these agents, signified in the figure as
the treatments underlined by 8BrcAMP. The data are from four ex-
periments and are expressed as the mean * SEM (n = 4-9).
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cently shown that 8BrcAMP (1 X 10 ®and 1 X 10 * m)
elicited similar maximal transcriptional activation (8- to 10-
told) in response to E, and IGF-I from a minimal promoter-
ERE reporter construct transfected into ER-positive primary
rat uterine cells. Transcriptional activation by these agonists
was inhibited by ICI 164,384 or H8, a PKA inhibitor. They
concluded from these results that in their system, the effects
of IGF-I and E, are mediated through the activity of PKA.
Similar to our findings in BG-1 cells, they did not observe
synergism with the PKA agonist. Very weak transcriptional
activation in response to either a PKA or PKC activator was
observed in ER-positive MCF-7 cells and ER-negative CHO
cells (35). In MCF-7 cells, the combination of E, with a PKA
or PKC activator elicited synergistic activation of transcrip-
tion; however, only the PKA interaction with E, was syner-
gistic in CHO cells when a minimal promoter reporter
system was used. The results of the Katzenellenbogen lab-
oratory taken together with our observations point to a cell
type-specific second messenger regulation of the effects of
extracellular ligands on nuclear hormone receptor transcrip-
tional activation.

Effect of ER mutants on enhancement of transcription by
peptide growth factors

To extend our previous results in Ishikawa cells, which
suggested that EGF elicited transcription through AF-1 of the
ER (11), we investigated the effects of IGF-I on transcription
in ER-deficient CHO cells using a panel of mouse ER mutants
(Fig. 9). The AzE1bCAT construct, which contains a consen-
sus ERE and a minimal promoter driving the CAT gene, was
considered the optimal construct for direct comparison of the
mutant receptors, because each receptor could interact dif-
ferently with a more complex promoter or a strong viral
promoter. The dotted line in Fig. 9 represents the basal level
of transcription (1-fold). The amount of transcription from
cells that were treated with PBS, E,, or IGF-I and transfected

B GF-1

Fold increase in CAT activity

G525R NR
c241/244a

WT 121-599
1-339 182-599

FiG. 9. Transcriptional effects of E,, and IGF-I in the presence of ER
mutants in CHO cells. CHO cells were cultured and cotransfected, as
described in Materials and Methods, with 3 ug/well AzZE1bCAT re-
porter vector and 0.15 pg/well of the indicated ER expression vectors.
Cells were treated with 100 ng/ml IGF-Tor 1 x 10" '°M E,. WT, WT
mouse ER (amino acids 1-599); C241/244a, c241a/c244a mutant; NR,
no receptor transfected, a control described in Results and Discussion.
The data are from four experiments and are expressed as the mean
* SEM (n = 3-5).
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with only the reporter gene served as the control for the
effects of treatments not dependent on receptor. The average
values for these controls are shown in Fig. 9 as NR. The NR
values were subtracted from the CAT levels of cells trans-
fected with receptor expression vectors before calculation of
fold stimulations above the control level. E, was more effi-
cacious in the enhancement of transcription from the WT
receptor than IGF-1 in these cells. E, failed to stimulate tran-
scription in the presence of the 1-339 receptor, which lacks
the hormone-binding domain, whereas the IGF-I response
was only slightly less than that observed with full-length WT
receptor. The effect of IGF-I was further reduced in the pres-
ence of the 121-599 mutant and almost negligible with the
182-599 mutantreceptor, which lacks the entire A /B domain.
The effect of E, was also somewhat diminished in the pres-
ence of the 121-599 or 182-599 mutant compared to that in
the presence of the WT receptor. However, removal of AF-1
has previously been reported to lessen the activity of E,
compared to WT, especially in the presence of a minimal
ERE-TATA promoter, which suggests that there may be
some an interaction between the AF-1 and AF-2 (15). The
substitution of glycine 525 with arginine (22) abolishes the
estrogen-binding activity of the receptor and, as expected,
fails to stimulate transcription in the presence of E,. How-
ever, IGF-I was able to stimulate transcription in the presence
of this mutant, indicating that the effects of IGF-I are not
dependent on E, binding. Finally, neither E, nor IGF-I elic-
ited transcription in CHO cells transfected with the C241A/
C244A dimerization-deficient mutant, which has two muta-
tions in the second zinc finger that disrupt the ability of the
ER to bind to DNA (36). This observation indicates that, like
estradiol, the effect of IGF-1 is dependent on the ability of the
ER to bind to DNA.

One explanation for the observation of synergism between
E, and peptide growth factors is that the growth factor sig-
naling mechanism induces ER conformational changes that
are different from and cooperative with those induced by E,
binding to elicit maximal activity. Although the N-terminal
portion of the receptor is required for the majority of IGF-1
activity, we observed transcriptional synergism between
IGF-I and E, with the 182-599 mutant as well as the WT
receptor (Table 2). As would be expected, synergism was not
observed with the 1-339 mutant, which does not contain the
ligand-binding domain. These data suggest that the portion
of the receptor important for synergism between IGF-I and
E, is located in the C-terminal portion of the receptor and is
not dependent on the A/B domain. Similarly, it has been

TABLE 2. Effect of the combination of IGF-I and estradiol on
ERE-mediated transcription with mutant estrogen receptors in
CHO cells

Fold increase

Receptor
IGF-1 Estradiol IGF-1 + estradiol
Wild-type 5.85 7.63 17.6
182-599 1.8 6.62 174
1-339 3.7 1.3 3.1

Fold increase in CAT activity after treatment with IGF-I (100
ng/ml), estradiol (1 X 10 '®M), or a combination of the two treatments
in the presence of wild-type ER or mutant receptors as indicated. n
= 2-3, where each point represents two pooled wells.
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reported that the A/B domain of the ER is not necessary for
the synergism between E, and PKA activation in CHO cells
(35). Another study demonstrated that although dopamine
could not activate transcription in the presence of a VAL400
mutant ER, combination with E, resulted in a synergistic
effect (37). The researchers suggested that the ligand alters
the conformation of receptor such that dopamine can elicit a
transcriptional response. These data and those presented in
this report suggest that the C-terminal portion of the receptor
is important for synergism between E, and extracellular li-
gands or second messenger pathways.

What mechanisms could be responsible for ER-dependent
transcriptional activation by peptide growth factors?

It is thought that many transcription factors contain acti-
vation domains whose interaction with transcriptional com-
plex proteins or coactivators is facilitated by phosphorylation
(38). For example, peptide growth factors are able to activate
nuclear transcription factors through phosphorylation via
specific kinases (32, 33). As discussed above, steroid or ex-
tracellular ligand-induced phosphorylation of nuclear hor-
mone receptors may in part regulate transcriptional activity
(30, 31). Phosphorylation of the ER on both serine and ty-
rosine residues has been observed by several laboratories (24,
36, 39, 40). Furthermore, phosphorylation of N-terminal
serine residues of the ER influences the receptor’s transac-
tivation activity (39, 41). These N-terminal serine residues
may be candidate phosphorylation site for peptide growth
factor-mediated regulation of ER transcriptional activity. The
precise signal transduction pathways that mediate peptide
growth factor-induced transcription through the ER have yet
to be elucidated, but may very well be cell type specific, as
it has been reported that PKA may mediate the activity of
IGF-I in primary rat uterine cells, whereas activation of PKA
in BG-1 carcinoma cells had little effect. Although PKC en-
hanced transcription in BG-1 cells, our data do not support
a role for this enzyme in mediation of the growth factor
mechanism. Mechanisms that have yet to be investigated
include well known growth factor-activated signaling cas-
cades, such as the raf-1/mitogen-activated protein kinase
pathway (42, 43) as well as newly isolated or as yet unde-
scribed kinases, which could potentially transduce growth
factor signals to the nucleus.

Other possible targets for growth factor signaling are ac-
cessory proteins or coactivators necessary for a functional ER
transcriptional complex similar to SPT6, ERAPs 140/160,
RIPs 80/140/160, and TAF;;30 (44—47). It has been proposed
that the different activating domains may interact with spe-
cific accessory proteins (47). As our results suggest that AF-1
mediates peptide growth factor-induced ER-dependent tran-
scription, the accessory factors necessary for estrogen-in-
duced transcription may be distinct from those used by li-
gand-independent activation. Another mechanism could
involve other transcription factors interacting with the ER.
For example, the ER can cooperate with growth factors to
stimulate an AP-1 response element (48). Perhaps our ob-
servations could be explained by the reverse situation:
growth factors interact with AP-1, which then cooperates
with the ER to stimulate ERE-dependent transcription.
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Another potential mechanism of growth factor signaling
that should be mentioned does not involve signal transduc-
tion to nuclear transcription factors via kinases. It has been
demonstrated that growth factors are endocytosed, which is
dependent on surface growth factor receptors, translocated
to the nucleus, and subsequently bind to chromatin in a
nonrandom manner (49-51). Furthermore, basic fibroblast
growth factor elicited gene transcription in a cell-free system,
and intranuclear injections of insulin resulted in enhanced
transcription of immediate early genes (52, 53). Thus, peptide
growth factors, or fragments thereof, could potentially in-
teract with the ER, ER accessory proteins, and/or other pro-
teins in the transcriptional complex, resulting in enhanced
transcription.

The presence of cross-talk between peptide growth factors
and the ER suggests that interactions between growth factors
and steroid receptors may modulate hormonal activity, in-
fluencing normal and aberrant function in mammalian cells.
Results from our laboratory and others have shown that
growth factors are involved in the physiology of estrogen
target tissues (1-3). Recently, Mani ¢t al. (54) reported that
dopamine could mimic the regulatory effects of progesterone
on sexual behavior in female rats, an effect that was blocked
by progesterone receptor antagonists. Thus, extracellular li-
gands may interact with a broad range of nuclear transcrip-
tion factors, including members of the steroid receptor su-
perfamily, to elicit physiological effects.

Acknowledgments

We are grateful to Dr. Jeff Boyd (University of Pennsylvania Medical
Center) for providing the BG-1 cell line, Dr. Alan Wakeling (ICI Phar-
maceuticals) for supplying ICI 164,384, Dr. Christina Teng (NIEHS) for
supplying the vitA2ERE-pCAT vector, Dr. John Cidlowski (NTEHS) for
providing the ERE-E1b-CAT plasmid, and Dr. Vicki Davis (NIEHS) for
supplying the Az-Elb CAT plasmid.

References

1. Dickson RB, Lippman ME 1987 Estrogenic regulation of growth
and polypeptide growth factor secretion in human breast carcinoma.
Endocr Rev 8:29-43

2. Murphy L], Ghahary A 1990 Uterine insulin-like growth factor-I:
regulation of expression and its role in estrogen-induced uterine
proliferation. Endocr Rev 11:443-453

3. McLachlan JA, Nelson KG, Takahashi T, Bossert NL, Newbold
RR, Korach KS 1991 Estrogens and growth factors in the develop-
ment, growth, and function of the female reproductive tract. In:
Schomberg DW (ed) Growth Factors in Reproduction. Springer-
Verlag, New York, pp 197-203

4. Ignar-Trowbridge DM, Nelson KG, Bidwell MC, Curtis SW,
Washburn TF, McLachlan JA, Korach KS 1992 Coupling of dual
signaling pathways: EGF action involves the estrogen receptor. Proc
Natl Acad Sci USA 89:4658-4662

5. Vignon F, Bouton MM, Rochefort H 1987 Antiestrogens inhibit the
mitogenic effect of growth factors in breast cancer cells in the total
absence of estrogens. Biochem Biophys Res Commun 146:1502-1508

6. Wakeling AE, Newboult E, Peters SW 1989 Effects of antioestrogens
on the proliferation of MCF-7 human breast cancer cells. ] Mol
Endocrinol 2:225-234

7. Katzenellenbogen BS, Norman MJ 1990 Multihormonal regulation
of the progesterone receptor in MCF-7 human breast cancer cells:
interrelationships among insulin/insulin growth factor-I, serum,
and estrogen. Endocrinology 126:891-898

8. Aronica SM, Katzenellenbogen BS 1991 Progesterone receptor reg-

220z 1snbny 9| uo Jesn sopsnr Jo Juswedeq "S'N Aq 952 2€0€/SELL/G/LE L/2101e/0pUSs/WOoD dnoolwaped.//:sdy Wol) pepeojumo(d



10.

11.

16.

18.

19.

20.

21.

22.

23.

26.

27.

28.

29.

GROWTH FACTOR AND PKC CROSS-TALK WITH THE ER

ulation in uterine cells: stimulation by estradiol, cyclic adenosine
3',5"-monophosphate and insulin-like growth factor I and suppres-
sion by antiestrogens and protein kinase inhibitors. Endocrinology
128:2045-2052

. Power RF, Lydon JP, Conneely OM, O’Malley BW 1991 Dopam-

inergic and ligand-independent activation of steroid hormone re-
ceptors. Science 252:1546-1547

Power RF, Mani SK, Codina ], Conneely OM, O’'Malley BW 1991
Dopamine activation of an orphan of the steroid receptor super-
tamily. Science 254:1636-1639

Ignar-Trowbridge DM, Teng CT, Ross KA, Parker MG, Korach KS,
McLachlan JA 1993 Peptide growth factors elicit estrogen receptor-
dependent transcriptional activation of an estrogen-responsive el-
ement. Mol Endocrinol 7:992-998

. Aronica SM, Katzenellenbogen BS 1993 Stimulation of the estrogen

receptor-mediated transcription and alteration in the phosphoryla-
tion state of the rat uterine estrogen receptor by estrogen, cyclic
adenosine monophosphate, and insulin-like growth factor-I. Mol
Endocrinol 7:743-752

. Culig Z, Hobisch A, Cronauer MV, Radmayr C, Trapman J, Hitt-

mair A, Bartsch G, Klocker H 1994 Androgen receptor activation in
prostatic tumor cell lines by insulin-like growth factor-1, keratino-
cyte growth factor, and epidermal growth factor. Cancer Res 54:
5474-5478

. Lees JA, Fawell SE, Parker MG 1989 Identification of two transac-

tivation domains in the mouse oestrogen receptor. Nucleic Acids Res
17:5477-5488

. Tora L, White ], Brou C, Tasset D, Webster N, Scheer E, Chambon

P 1989 The human estrogen receptor has two independent nonacidic
transcriptional activation functions. Cell 59:477-487

Welander CE, Morgan TM, Homesley HD, Trotta PP, Spiegel R]
1985 Combined recombinant human interferon alpha and cytotoxic
agents studied in a clonogenic assay. Int ] Cancer 35:721-729

. Behr J-P, Demeneix B, Loeffler J-P, Perez-Mutul ] 1989 Efficient

gene transfer into mammalian primary endocrine cells with Ii-
popolyamine-coated DNA. Proc Natl Acad Sci USA 86:6982-6986
Liu Y, Teng CT 1992 Estrogen response module of the mouse lacto-
ferrin gene contains overlapping chicken ovalbumin upstream pro-
moter transcription factor and estrogen receptor-binding elements.
Mol Endocrinol 6:355-364

Allgood VE, Oakley RH, Cidlowski JA 1993 Modulation by vitamin
B, of glucocorticoid receptor-mediated gene expression requires
transcription factors in addition to the glucocorticoid receptor. ] Biol
Chem 268:20870-20876

Lillie JW, Green MR 1989 Transcription activation by the adeno-
virus Ela protein. Nature 338:39-44

White R, Lees JA, Needham M, Ham J, Parker M 1987 Structural
organization and expression of the mouse estrogen receptor. Mol
Endocrinol 1:735-744

Danielian PS, White R, Hoare SA, Fawell SE, Parker MG 1993
Identification of residues in the estrogen receptor that confer dif-
ferential sensitivity to estrogen and hydroxytamoxifen. Mol Endo-
crinol 7:232-240

Fawell SE, Lees JA, White R, Parker MG 1990 Characterization and
colocalization of steroid binding and dimerization activities in the
mouse estrogen receptor. Cell 60:953-962

24. Saceda M, Lippman ME, Chambon P, Lindsey RL, Ponglikltmon-

gkol M, Puente M, Martin MB 1988 Regulation of the estrogen
receptor in MCF-7 cells by estradiol. Mol Endocrinol 2:1157-1162

. Saceda M, Knabbe C, Dickson RB, Lippman ME, Bronzert D,

Lindsey RK, Gottardis MC, Martin MB 1991 Post-transcriptional
destabilization of estrogen receptor mRNA in MCF-7 cells by 12-
O-tetradecanoylphorbol-13-acetate. J Biol Chem 266:17809-17814
Wakeling AE, Bowler J 1988 Novel antioestrogens without partial
agonist activity. ] Steroid Biochem 31:645-653

Thorsen T, Lahooti H, Rasmussen M, Aakvaag A 1992 Oestradiol
treatment increases the sensitivity of MCF-7 cells for the growth
stimulatory effect of IGF-1. ] Steroid Biochem 41:537-540
Krusekopf S, Chauchereau A, Milgrom E, Henderson D, Cato DCB
1991 Co-operation of progestational steroids with epidermal growth
factor in activation of gene expression in mammary tumor cells. |
Steroid Biochem Mol Biol 40:239-245

Washburn T, Hocutt A, Brautigan DL, Korach KS 1991 Uterine

30.

31.

32.

W
o8]

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

1743

estrogen receptor in vivo: phosphorylation of nuclear specific forms
on serine residues. Mol Endocrinol 5:235-242

Lin K-H, Ashizawa K, Cheng S-Y 1992 Phosphorylation stimulates
the transcriptional activity of the human g1 thyroid hormone nu-
clear receptor. Proc Natl Acad Sci USA 89:7737-7741

Denner LA, Weigel NL, Maxwell BL, Schrader WT, O’'Malley BW
1990 Regulation of progesterone receptor-mediated transcription by
phosphorylation. Science 250:1740~1743

Taylor LK, Marshak DR, Landreth GE 1993 Identification of a nerve
growth factor-epidermal growth factor-regulated protein kinase
that phosphorylates the protooncogene product c-fos. Proc Natl
Acad Sci USA 90:368-372

. LiL,ZhouJ, James G, Heller-Harrison R, Czech MP, Olsen EN 1992

FGF inactivates myogenic helix-loop-helix proteins through phos-
phorylation of a conserved protein kinase C site in their DNA-
binding domains. Cell 71:1181-1194

. Imbra R]J, Karin M 1986 Phorbol ester induces the transcriptional

stimulatory activity of the SV40 enhancer. Nature 323:555-558

. Cho H, Katzenellenbogen BS 1993 Synergistic activation of estro-

gen receptor-mediated transcription by estradiol and protein kinase
activators. Mol Endocrinol 7:441-452

36. Lahooti H, White R, Danielian PS, Parker MG 1994 Characteriza-

tion of ligand-dependent phosphorylation of the estrogen receptor.
Mol Endocrinol 8:182-188

Smith CL, Conneely OM, O'Malley BW 1993 Modulation of the
ligand-independent activation of the human estrogen receptor by
hormone and antihormone. Proc Natl Acad Sci 90:6120-6124

Hill CS, Treisman R 1995 Transcriptional regulation by extracel-
lular signals: mechanisms and specificity. Cell 80:199-211

Le Goff P, Montano MM, Schodin DJ, Katzenellenbogen BS 1994
Phophorylation of the human estrogen receptor. J Biol Chem 269:
44584466

Arnold SF, Obourn JD, Jaffe H, Notides A 1995 Phosphorylation
of the human estrogen receptor on tyrosine 537 in vivo and by src
family tyrosine kinases in vitro. Mol Endocrinol 9:24-33

Ali S, Metzger D, Borner JM, Chambon P 1993 Modulation of
transcriptional activation by ligand dependent phosphorylation of
the human oestrogen receptor A/B region. EMBO | 12:1153-1160
Morrison DK, Kaplan DR, Rapp UR, Roberts TM 1988 Signal
transduction from membrane to cytoplasm: growth factors and
membrane-bound oncogene products increase Raf-1 phosphoryla-
tion and associated protein kinase activity. Proc Natl Acad Sci USA
85:8855-8859

Boulton TG, Nye SH, Robbins DJ, Ip NY, Radziejewska E, Mor-
genbesser SD, DePinho RA, Panayotatos N, Cobb MH, Yanco-
poulos GD 1991 ERKs: a family of protein-serine/ threonine kinases
that are activated and tyrosine phosphorylated in response to insulin
and NGF. Cell 65:663-675

Baniahmad C, Nawaz Z, Baniahmad A, Gleeson MAG, Tsai M-],
O’'Malley BW 1995 Enhancement of human estrogen receptor ac-
tivity by SPT6: A potential coactivator. Mol Endocrinol 9:34-43
Halachmi S, Marden E, Martin G, MacKay H, Abbondanza C,
Brown M 1994 Estrogen receptor-associated proteins: possible me-
diators of hormone-induced transcription. Science 264:1455-1458
Cavailles V, Dauvois S, Danielian PS, Parker MG 1994 Interaction
of proteins with transcriptionally active estrogen receptors. Proc
Natl Acad Sci USA 91:10009-10013

Jacqg X, Brou C, Lutz Y, Davidson I, Chambon P, Tora L 1994 Human
TAF,;30 is present in a distinct TFIID complex and is required for
transcriptional activation by the estrogen receptor. Cell 79:107-117
Philips A, Chalbos D, Rochefort H 1993 Estradiol increases and
antiestrogens antagonize the growth factor-induced activator pro-
tein-1 activity in MCF7 breast cancer cells without affecting c-fos and
c-jun synthesis. J Biol Chem 268:14103-14108
Rakowicz-Szulczynska EM, Rodeck U, Herlyn M, Koprowski H
1986 Chromatin binding of epidermal growth factor, nerve growth
factor, and platelet-derived growth factor in cells bearing the ap-
propriate surface receptors. Proc Natl Acad Sci USA 83:3728-3732
Imamura T, Tokita Y, Mitsuiu Y 1992 Identification of a heparin-
binding growth factor-1 nuclear translocation sequence by deletion
mutation analysis. ] Biol Chem 267:5676-5679

. Wiedlocha A, Falnes PO, Madshus IH, Sandvig K, Olsnes S 1994

220z 1snbny 9|, uo Jesn soisnp Jo Juswiiedaq "S'N Aq 96/ ZE0E/SELL/S/LE L/BIOIME/OPUS/WOD"dNO"IWSPEoE)/:SAYY WO} PAPEO|UMOQ



1744

52,

Dual mode of signal transduction by externally added acidic fibro-
blast growth factor. Cell 76:1039-1051

Nakanishi Y, Kihara K, Mizuno K, Masamune Y, Yoshitake Y,
Nishikawa K 1992 Direct effect of basic fibroblast growth factor on
gene transcription in a cell-free system. Proc Natl Acad Sci USA
89:5216-5220

53.

54.

GROWTH FACTOR AND PKC CROSS-TALK WITH THE ER Endo « 1996

Vol 137 ¢ No 5

Lin Y], Harada S, Loten EG, Smith RM, Jarett L 1992 Direct stim-
ulation of immediate-early genes by intranuclear insulin in trypsin-
treated H35 hepatoma cells. Proc Natl Acad Sci USA 89:9691-9694
Mani SK, Allen JMC, Clark JH, Blaustein JD, O’'Malley BW 1994
Convergent pathways for steroid hormone- and neurotransmitter-
induced rat sexual behavior. Science 265:1246-1249

220z 1snbny 9|, uo Jesn soisnp Jo Juswiiedaq "S'N Aq 96/ ZE0E/SELL/S/LE L/BIOIME/OPUS/WOD"dNO"IWSPEoE)/:SAYY WO} PAPEO|UMOQ



