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Summary—We have studied the mechanism by which 178-oestradiol (E2) stimulates breast
cancer proliferation using the MCF7 cell line as a model system. We provide evidence that
E2 directly stimulates cellular proliferation by inducing, like many growth factors, the c-fos
proto-oncogene. E2 by itself, however, is poorly mitogenic and it does not induce genes from
the jun family, whose gene products are necessary for heterodimerization with the c-fos
encoded protein (Fos), leading to an important step in growth factor signalling pathways,
stimulation of the 12-O-tetradecanoyl-phorbol-13-acetate responsive element (TRE)-depen-
dent transcriptional activity. In combination with insulin-like growth factors (IGFs), efficient

inducers of c-jun in breast cancer cells, E2

synergistically stimulates TRE-activity and

proliferation. This direct stimulation by E2 of growth factor signalling pathways suggest that
E2 can directly induce proliferation, independent from autocrine growth factors.

INTRODUCTION

Approximately one third of human breast
tumors are 17B-oestradiol (E2)-dependent in
initial stages of the disease, showing a regression
following hormonal therapy. Growth stimu-
lation by E2 is thought to be an indirect process
mediated by autocrine acting E2-induced
polypeptide growth factors, such as insulin-like
growth factors (IGFs) and transforming growth
factory a (TGFa) (reviewed in[l1]). In this
hypothesis, autonomous production of these
growth factors would lead to loss of E2-depen-
dence, as associated with progression of the
disease.

To unravel the process leading to loss of
hormone-dependency we are studying the mech-
anism by which E2 and polypeptide growth
factors stimulate proliferation of the human
breast cancer cell line MCF7. In order to be able
to perform such studies under steroid- and
growth factor-defined conditions a novel culture
system was developed. In the light of the
difficulties of culturing human breast cancer
cells under strict serum-free conditions [2], we

Proceedings of the VIIIth International Congress on Hormonal
Steroids, The Hague, The Netherlands 16-21 September
1990.

*To whom correspondence should be addressed.

215

used media supplemented with serum in which
growth factors were chemically inactivated and
steroids are removed[3]. The thus obtained
medium appears to be a very suitable general-
purpose medium, since it supports growth of all
11 breast cancer cell lines tested so far[3-5;
Van der Burg B. ez al., unpublished], and has
been used in primary cultures of solid canine
mammary tumors to isolate cell lines [4, Van der
Burg B. et al., unpublished].

As a result of this mitogen depletion the
E2-dependent human breast cancer cell line
MCF7 becomes quiescent in the G1/G0 phase
of the cell cycle, from which it can be stimulated
to enter the cell cycle by using defined mito-
gens [3]. This contrasts with the situation in
conventional serum that is treated only to
remove endogenous steroids, and that still con-
tains growth factors causing background mito-
genic activity. Thus, under our conditions
MCF7 cells displayed their strict hormone-
dependence that has been established in vivo
(in nude mice), under physiological con-
ditions [6, 7].

Surprisingly, under these defined conditions
E2 alone was a poor mitogen but synergistically
stimulated proliferation in combination with
low concentrations of insulin or IGFs. At much
higher concentrations insulin and related factors
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are fully mitogenic and, unlike growth factors
TGFa, EGF, FGF, PDGF and TGFf, are
able to bypass E2-requirement [3]. Therefore,
IGFs seemed the prime candidates to serve an
autocrine function. Kinetic studies, however,
showed that E2 stimulates DNA synthesis
without a delay-period compared to IGFs,
suggesting that no growth factor production is
involved in E2-induced mitogenesis [8]. More-
over, binding proteins [5] or antibodies [9, Van
der Burg er al., unpublished] that efficiently
blocked IGF-induced mitogenesis did not in-
hibit the E2-response. In addition, in a recently
developed bioassay for IGFs[10] no activity
was found in conditioned media of E2-treated
MCF7 cells or E2-independent human breast
cancer cell lines, again suggesting a minor role
for autocrine produced growth factors in human
breast cancer proliferation[5]. Recent results
obtained in other laboratories also suggest that
breast cancer cells generally do not react to the
growth factors which they produce (reviewed
in [11]).

MCFT7 cell proliferation in vivo seems to be
mediated by E2 in combination with endocrine
insulin and IGFs. Since human fibroblasts were
found to produce IGFs in a biological active
form [5], the large amount of stromal cells often
present in breast tumors may be an additional
source.

Nuclear proto-oncogenes like c-fos and c-myc
are a primary target of the signal transduction
that leads from growth factor receptors to the
nucleus (reviewed in [12]). The products of these
genes are among the first to be induced after
mitogenic stimulation and are involved in trans-
forming the incoming signal into a change in
gene expression. The expression of these tran-
scription factors is rapidly downregulated and
constitutive expression can lead to cellular
transformation.

The product of c-fos (Fos) by itself does not
bind to DNA but interacts with other tran-
scription factors. Recently it has been shown
that Fos can form heterodimers with Jun, a
major component of the transcription factor
AP-1[13-17]. This interaction results in a
greatly enhanced affinity for the AP-1 target
sequence, the 12-O-tetradeconoyl-phorbol-13-
acetate (TPA)-responsive element (TRE), and a
stimulation of TRE-dependent transcriptional
activity [13, 17, 18]. The gene coding for Jun
(jun) is also growth factor inducible [18-21].
Induction of TRE activity is thought to be a
critical step in the onset of cellular proliferation

and transformation by polypeptide growth fac-
tors (reviewed in {12]). In this process c-fos
expression is essential since suppression of
expression by antisense RNA abolishes the
TRE-dependent induction of genes, and cellular
proliferation and transformation.

Here, we report the direct stimulation by E2
of c-fos expression and TRE activity, giving
additional support to the idea that E2 directly
stimulates proliferation, without inducing auto-
crine loops.

EXPERIMENTAL

Materials

A phenol red-free 1:1 mixture of Dulbecco’s
modified Eagle’s medium and Ham’s F12
medium (DF) was obtained from Gibco (Grand
Island, NY). Trypsin and the EDTA used for
cell culture were obtained from Flow Labora-
tories (Irvine, Scotland). Fetal calf serum (FCS)
was purchased from Hyclone Laboratories
(Logan, UT), bovine insulin, E2, human trans-
ferrin and bovine serum albumin (BSA) were
from Sigma (St Louis, MO). [methyl-*H]-
Thymidine (77.9 Ci/mmol) was purchased from
NEN (Boston, MA). Yeast recombinant human
IGF-I was a gift from Dr Anna Skottner
(KabiVitrum, Stockholm, Sweden). DCC-FCS
was prepared by treating FCS with dextran
coated charcoal (DCC) to remove steroids, as
described [3]. DCC-SH-FCS was prepared by a
treatment with dithiothreitol to inactivate
polypeptide growth factors [22], followed by a
DCC-treatment, as described previously [3].

Cell culture

MCF7 cells were kindly provided by Dr C.
Quirin-Stricker (Institut de Chimie Biologique,
Faculté de Médicine, Strasbourg, France), and
were cultured in phenol red-containing DF
medium supplemented with 5% FCS and
buffered with bicarbonate. The cells were pas-
saged twice a week using trypsin and EDTA,
and they were grown in a humidified atmos-
phere containing 7.5% CO,. For experiments
only exponentially growing, 4-day-old cultures
were used. The cells were free of Mycoplasma
contamination.

Cell growth experiments

The effect of mitogens on MCF7 cells on
DNA synthesis was treated in the absence of
phenol red [23}, essentially as described pre-
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viously [8]. In short, cells were plated at a
density of 2 x 10*/cm? in DF containing 30 nM
selenite, 10 ug/ml transferrin and 0.2% BSA
(referred to as DF™), supplemented with 5%
DCC-FCS. After 24 h this medium is changed
to DF*, in which the cells become quiescent [3].
After another 24 h this medium is replaced by
DF* supplemented with 10% DCC-SH-FCS.
Subsequently the compounds to be tested were
added. After 20 h [H]thymidine (1.0 xCi/ml)
was added, and after another 8 h incubation the
cells were washed with trichloro-acetic acid
(TCA) and then lysed with NaOH, followed by
liquid scintillation counting.

RNA extraction and Northern blot analysis

The cells were plated at a density of
2.0 x 10*/cm? in 5% DCC-FCS, and were
growth arrested by 24 h of serum deprivation,
followed by lysing the cells in guanidine isothio-
cyanate, and by centrifugation through a CsCl
cushion [24]. Northern blots were prepared as
described previously [25]. For hybridization the
following probes were used: a 1.0 kb PstI mouse
c-jun genomic [W. Kruijer et al., unpublished]
fragment homologous to v-jun and a 0.8 kb PstI
fragment of v-fos.

Transfection and CAT (chloramphenicol acetyl
transferase) assays

MCF7 cells, suspended in Sml DF* sup-
plemented with 5% DCC-FCS, were plated at a
density of 2 x 10° cells/cm?® in a 6 cm dia tissue
culture dish. After 24 h the cells were incubated
for Sh with calcium phosphate-precipitated
plasmid DNAs [26]. The reporter plasmid used
to determine TRE-dependent transcriptional
activity contained 5 copies of a synthetic oligo-
nucleotide containing the collagenase TRE [27]
flanked by Hind III/Bam HI linker sequences,
upstream of the HSV-tk promoter and the CAT
gene. The oligonucleotide was ligated 5 times
head-to-head and cloned into Hind III/Bam HI
cut pBL-CAT?2 [28]. Directly after transfection
the cells were washed with DF* and growth-
arrested by a 24 h-incubation in 10% DCC-SH-
FCS medium. Subsequently, the medium was
replaced by fresh medium supplemented with
the compounds to be tested. The cells were
incubated for another 24 h after the beginning
of the hormonal treatment. The cells were then
harvested and CAT activity was measured [29)].
The % conversion of “C labelled chlorampheni-
col was calculated by dividing the activity
assessed in the acetylated reaction products by

the total amount of radioactivity on TLC.
Transfection efficiencies were determined by
measuring the placental alkaline phosphatase
(PAP) activity of cotransfected pSV, PAP con-
structs, as described by Henthorn et al. [30].

RESULTS

We and others showed that growth stimu-
lation by E2 of MCF7 cells leads to a rapid
induction of the growth-related proto-
oncogenes c-fos [8, 31] and c-myc [8, 32]. This
induction was a direct effect, independent of
protein synthesis, showing that no growth fac-
tor production is involved in E2-induced proto-
oncogene expression. To further evaluate the
importance of E2-induced c-fos expression, we
studied the induction of c-jun expression in
quiescent MCF7 cells. Using Northern blot
analysis a rapid induction of c-jun by high
concentrations of insulin (10 ug/ml) was ob-
served [Fig. 1(A)]. In contrast, stimulation of
the cells with E2 did not result in elevation
of c-jun mRNA in these E2-dependent cells
[Fig. 1(B)]. Also a suboptimal concentration of
insulin (25 ng/ml) that is sufficient to synergisti-
cally stimulate proliferation together with E2
(Fig. 2), was able to elevate c-jun mRNA levels
slightly. We showed that 100 ng/ml of insulin is
sufficient to maximally induce c-jun in these
cells [25].

The synergism between insulin and E2, as
observed in MCF7 cells, might be caused by a
step in signal transduction prior to the induction
of proto-oncogene expression, resulting in a
cooperative stimulation of expression of these
genes. The additional presence of E2, however,
did not enhance the weak induction of ex-
pression of c-jun by low concentrations of
insulin, 1h after stimulation [Fig. 2(A)]. Fur-
thermore, E2-induced c-fos expression was not
influenced by the additional presence of insulin.
Apparently, E2 is responsible for the induction
of c-fos under synergistic conditions at this
time point. Also at 30 min after stimulation,
when the stimulatory effect of insulin on c-fos
expression is at its maximum in these cells [8],
low concentrations of insulin did not influence
E2-induced c-fos expression (data not shown).
Therefore it seems that synergism is determined
by an effect distal to receptor activation and
the pathway leading to the induction of proto-
oncogene expression. This is consistent with
a model in which the interaction of insulin-
induced Jun and E2-induced Fos leads to syner
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Fig. 1. Time-course of c-jun expression after stimulation of quiescent MCF7 cells with insulin
(10* ng/ml; A) or E2 (10~ M; B). Northern blot analysis of total RNA (20 ug/lane).

gistic stimulation of gene expression, ultimately
leading to cellular proliferation. If this hypoth-
esis holds true, the synergistic combination of
insulin and E2 should induce the formation of
a functional Fos/Jun complex in these cells,
resulting in transactivation of target genes.

To study if the mitogens were able to induce
TRE transactivating activity in the cells, we
used CAT constructs linked to 5 TREs. Prior to
hormonal stimulation the cells were cotrans-
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B-Actin —
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¢ E2 125 125 110%
+E2

fected with these TRE constructs, together with
control constructs containing the PAP gene
linked to the early SV40 promoter to monitor
the transfection efficiency. TPA, an efficient
stimulator of the TRE, was used as a positive
control. In MCF7 cells this factor stimulated
CAT activity almost 10-fold (Fig. 3). Insulin
treatment of the transfected cells also resulted
in an elevation of TRE activity. It seems likely
that the elevated TRE transactivating function
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Fig. 2. Induction of c-fos and c-jun expression and DNA synthesis by the synergistic combination of insulin

at low concentration and E2. A, Northern blot analysis of total RNA (20 u g/lane), extracted 60 min after

stimulation. B, DNA synthesis as determined by measuring [*H]thymidine incorporation 24 h after

mitogenic stimulation in parallel cultures. Control cultures (C) received ethanol vehicle only. The mitogens

were added at the following concentrations: E2, 10~? M; insulin at low concentrations, 25 ng/ml (I 25);
insulin at high concentrations, 10*ng/ml (I 10%).
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Fig. 3. Hormonal induction of activity of TRE-CAT constructs transfected into MCF7 cells. TPA was

added in a concentration of 100 ng/ml. The concentrations of the other compounds are given in Fig. 2.

The mean value of the total percentage conversion of chloramphenicol is indicated. This is a representative
experiment from three separate experiments,

observed is a result of the formation of a
complex between the two products of the c-fos
and c-jun genes, although possibly products of
recently identified c-jun and c-fos related genes
contribute to this activity, since they can also
form TRE binding heterodimers [15, 33, 34].
Although inducing c-fos expression, E2 alone
does not induce TRE activity, confirming that
no induction of c-jun, or related genes with
similar function occurs. In contrast, E2 co-
operatively induced TRE activity together with
suboptimal concentration of insulin. In this
synergistic situation the cooperative induction
of TRE activity seems to be mediated by E2-
induced c-fos expression, and c-jun expression
by low concentrations of insulin.

DISCUSSION

TRE-dependent transcriptional activity is
induced when MCF7 cells are optimally stimu-
lated to proliferate, either by insulin at high
concentrations or the synergistic combination of
low concentrations of insulin together with the
steroid hormone E2. In addition, this activity is
also efficiently induced by the phorbol ester
TPA, a compound that leads to growth arrest
in these cells, probably by inducing differen-
tiation [35, 36]. Therefore, TRE activity appears
to be obligatory, but no guarantee for the
induction of cellular proliferation. Also in other

cells it probably plays a role in induction of
differentiation [37). A differential induction of
other early response genes or differences in
post-translational modifications may influence
the control of important growth regulatory
genes by the mitogens and differentiation induc-
ing agents.

These results show that by inducing c-fos
expression E2 is able to directly interact with
nuclear events that are also induced by polypep-
tide growth factors and that form a critical step
in the induction of cellular proliferation and
tumorigenesis [12]. This implicates that growth
factor secretion may not be an essential part of
this mitogenic pathway elicited by E2, as was
initially proposed [1]. This is in line with recent
data which suggest that MCF?7 cells do not react
to the growth factors which they secrete[11].
Stimulation of TRE activity in cells by TPA
treatment or transfection with activated ras
oncogenes (reviewed in [38]), results in growth
factor secretion [39—41]. Therefore growth fac-
tor secretion by MCF7 cells may be a conse-
quence rather than a cause of growth
stimulation [11, 25]. Interestingly, when MCF7
cells are transfected with the potent v-Ha-ras
oncogene, a loss of E2-dependence concomitant
with elevated growth factor secretion has
been observed [42, 43]. We propose that not this
elevated growth factor secretion but the direct
activation of TRE activity is the cause of the
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autonomous proliferation. It is tempting to
speculate that in human breast tumors a similar

process

underlies the conversion towards

hormone-independence that is associated with
progression.
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