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Summary--Estrogen is thought to stimulate the proliferation of human breast tumors 
indirectly, through induced production of autocrine polypeptide growth factors. Constitutive 
production of such growth factors would lead to the loss of 17fl-estradiol (E2)-dependence 
that is associated with progression of the disease. Our data, however, do not support this 
hypothesis and suggest that hormone-dependent breast tumor cell lines like MCF7 do not react 
to the growth factors which they produce. Moreover, we provide evidence that E2 directly 
stimulates proliferation by inducing, like many growth factors, the c-fos proto-oncogene. E2 
by itself, however, is poorly mitogenic. This may be caused by the lack of induction of genes 
from thejun family, whose gene products are necessary for dimerization with the c-fos encoded 
protein, leading to an important step in growth factor signalling pathways; stimulation of TPA 
responsive element (TRE)-dependent transcriptional activity. In combination with insulin-like 
growth factors, efficient inducers of c-jun in these cells, E2 synergistically stimulates prolifer- 
ation and TRE-activity. Constitutive TRE-activation may lead to loss of E2-dependence. 

INTRODUCTION 

Part of human breast tumor are 17~-estradiol 
(E2)-dependent and regress upon hormonal 
therapy. Evidence has been presented that 
growth stimulation by E2 is an indirect process 
mediated by autocrine acting E2-induced 
polypeptide growth factors, such as insulin-like 
growth factors (IGFs) and transforming growth 
factor ~ (TGF~; reviewed in [1]). As this disease 
progresses, however, the response to hormonal 
therapy is often lost and regrowth of E2- 
independent tumors occurs. Autonomous pro- 
duction of E2-inducible growth factors has 
been proposed to be the cause of this loss of 
E2-dependence [1]. Our data, however, do not 
support the above model and suggest that E2 
stimulates proliferation of breast tumors by 
more direct mechanisms. 

DEFINED CULTURE CONVmONS REVEXL 
STIHCT DEPENDENCE OF MCT7 CI~I.I. 

PROLIFERATION NOT ONLY ON F.3, BUT 
ALSO INSULIN OR I G h  

To shed light on the process leading to the 
loss of hormone-dependence we have studied 
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the mechanism by which E2 and polypeptide 
growth factors stimulate proliferation of the 
human breast cancer cell line MCF7. For a 
detailed study of this mechanism it is essential 
to perform such studies without background 
mitogenic stimulation. To avoid many of the 
difficulties associated with culturing human 
breast cancer cells under strict serum-free con- 
ditions [2], we used media supplemented with 
serum in which growth factors were chemically 
inactivated and steroids are removed (referred 
to as DCC-SH-FCS; [3]). This serum was used 
to supplement a phenol red-free[4] culture 
medium, containing bovine serum albumin 
(BSA), selenite and transferrin. The thus ob- 
tained medium is a very suitable general- 
purpose medium, and when appropriate growth 
factors are added it supports proliferation of a 
large number of cell lines, including lines for 
which serum-free culture conditions have not 
been described([5] and references therein). 
Autonomously growing tumor cell lines, such as 
the E2-independent breast tumor cell lines 
MDA-MB231, MDA-MB468, Hs578T and 
BT20 proliferate in this medium in the absence 
of added mitogens [6]. 

In contrast, as a result of this mitogen 
depletion the E2-dependent human breast 
cancer cell line MCF7 becomes quiescent in the 
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G1/G0 phase of the cell cycle, from which 
it can be stimulated to enter the cell cycle 
by using defined mitogens[3]. This growth 
arrest is not observed in medium containing 
conventional serum that is treated only 
with dextran coated charcoal to remove en- 
dogenous steroids (DCC-FCS), since growth 
factors remain present causing background 
mitogenic activity[3]. Thus, under our con- 
ditions MCF7 cells displayed their strict 
hormone-dependence that has been established 
in vioo (in nude mice), under physiological 
conditions [7, 8]. 

Surprisingly, under these defined culture 
conditions E2 alone was a poor mitogen for the 
hormone-dependent breast cancer cell lines 
MCF7 and CG5 [3]. However, its mitogenic 
action was potentiated by the presence of either 
DCC-FCS, insulin or insulin-like growth factors 
(IGFs). In MCF7 cells, the synergistic effect 
with E2 was half-maximal at 3 ng/ml of insulin 
or at 5-times lower concentrations of IGF-I [9], 
which suggests involvement of the IGF-I recep- 
tor. At much higher concentrations insulin and 
related factors are fully mitogenic and, unlike 
growth factors like TGF~, EGF, FGF, PDGF, 
TGF/~, are able to bypass E2-requirement [3]. 
Therefore, IGFs seemed the prime candidates to 
serve an autocrine function. 

E2-1NDUCED PROLIFERATION OF MCF7 
CELLS SEEMS NOT TO BE MEDIATED BY 

AUTOCRINE GROWTH FACTORS 

We used several experimental approaches 
to test if IGFs are important autocrine 
mediators of E2-induced mitogenesis. In 
the first place we performed kinetic 
studies which showed that E2 stimulates 
DNA synthesis without a delay-period com- 
pared to IGFs, giving a first indication that 
no growth factor production is involved 
in E2-induced mitogenesis [10]. In addition it 
was found that IGF binding proteins [6] or 
antibodies Ill] that efficiently blocked IGF- 
induced mitogenesis did not inhibit the E2- 
response of MCF7 cells. Rohlik et al. [12] 
reported blockade of E2-induced, but also 
basal, proliferation in DCC-FCS supplemented 
medium by an antibody that blocks IGF-I 
binding to its receptor. This, however, does 
not prove the existence of an E2-induced auto- 
trine loop but rather confirms our data that 
show that proliferation of MCF7 cells depends 
on external IGFs or insulin (crossreacting with 

the IGF-I receptor). In the study of Rohlik 
et al. [12] the DCC-FCS is the source of these 
growth factors. 

Next, we set out to investigate the production 
of biologically active IGFs by breast cancer cell 
lines. For this purpose, a bioassay for IGFs 
was developed [9, 13]. In this assay no activity 
was found in conditioned media of E2-treated 
MCF7 cells or E2-independent human breast 
cell lines, again suggesting a minor role of 
autocrine produced growth factors in the regu- 
lation of human breast cancer proliferation [6]. 
The large amount of immunoreactive IGF-I 
that has been reported to be present in con- 
ditioned medium of breast cancer cell lines [14] 
may in fact be IGF binding protein instead [15]. 
After efficient removal of these binding proteins, 
it was shown that only trace amounts of im- 
munoreactive IGF-I can be detected in MCF7 
conditioned medium[15,16]. The mitogenic 
activity of highly concentrated conditioned 
medium [17, 18] seems to be caused by an acti- 
vation of serum-derived growth factors e.g. 
by E2-induced proteolytic enzymes [6, 19], since 
these experiments cannot be repeated under 
conditions in which no externally added growth 
factors are present[6, 15]. Until now little 
conclusive evidence is available that demon- 
strates the existence of autocrine loops in 
breast cancer cells. In fact, recent results ob- 
tained in various laboratories also suggest that 
breast cancer cells generally do not react to the 
growth factors which they produce (reviewed 
in [20]). 

PARACRINE REGULATION OF 
HORMONE-DEPENDENT BREAST CANCER 

Besides E2, MCF7 cells depend on external 
IGFs for their proliferation (see above). Poss- 
ibly the large amount of stromal cells often 
present in breast tumors may be an important 
source of IGFs, since human fibroblasts secrete 
biologically active IGFs [6], a process stimu- 
lated by PDGF [21]. The production of growth 
factors for stromal cells like PDGF [22-24] and 
TGF~ [24-26] by the epithelial cells might lead 
to a mutual dependence of both cell types in the 
tumor. Since E2 stimulates production of both 
PDGF [23] and TGF~ [25, 26] by breast cancer 
cells, it might be the major endocrine factor that 
is necessary to keep this process of mutual 
paracrine stimulation going[@ In addition, 
endocrine acting IGFs may also be important in 
stimulating proliferation of MCF7 ceils. The 
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reaction to external growth factors of the breast 
cancer cells may be changed by production of 
binding proteins [6] and by proteolytic enzymes. 

THE ROLE OF NUCLEAR PROTO-ONCOGENES 
IN THE E2-INDUCED PROLIFERATION OF 

MCF7 CELLS 

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 [27]). The products of these 
genes are among the first to be induced after 
mitogenic stimulation of cells and are involved 
in transforming the incoming signal into a 
change in gene expression. The expression of 
these transcription factors is rapidly down- 
regulated and constitutive expression can lead 
to cellular transformation. 

The product of c-fos (Fos) can only bind to 
DNA after formation of heterodimers with 
other transcription factors. Together with pro- 
teins belonging to the Jun family it forms AP 1, 
a dimeric transcription factor[28-32]. This 
interaction results in a greatly enhanced 
affinity for the AP1 target sequence, the 
TPA-responsive element (TRE), and a stimu- 
lation of TRE-dependent transcriptional ac- 
tivity [28, 32, 33]. The gene coding for Jun (]un) 
is also growth factor inducible [33-36]. Induc- 
tion of AP1 and TRE activity is thought to be 
a critical step in the onset of cellular prolifer- 
ation and transformation by polypeptide 
growth factors (reviewed in [27]). 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. 

We and others have observed a rapid induc- 
tion of the growth-related proto-oncogenes c- 
fos [10] and c-myc [10, 37] upon E2-treatment of 
MCF7 cells. This induction is a direct effect, 
independent of induced proteins, showing that 
no growth factor production is involved in 
E2-induced expression of these proto-oncoge- 
nes [10, 37]. In spite of the induction of the c-fos 
proto-oncogene, E2 does not induce c-jun and 
hardly induces TRE activity [38]. In contrast, 
insulin at high concentrations (10/~g/ml) 
efficiently induces both c-fos and c-jun and TRE 
activity in MCF7 cells. At concentrations of 
insulin which are suboptimal for induction of 
proliferation, also suboptimal TRE activation is 
observed [38]. Interestingly, at these concen- 
trations of insulin E2 synergistically stimulates 

both proliferation and TRE activity. Under 
these conditions the TRE induction is probably 
caused by insulin-induced c-jun in combination 
with E2-induced c-fos. In MCF7 cells TRE 
activation can indeed be induced by the com- 
bined action of c-jun and c-los (van der Burg 
et al., unpublished). 

Recently, Weisz et al. [39] reported efficient 
induction of TRE activity in MCF7 cells by E2 
alone. They assumed that this is due to the 
induction of not only c-fos, but also c-jun in 
these cells. Our data, however, show that E2 
does not induce c-jun in MCF7 [38]. The stimu- 
lation of TRE activity by E2 was shown in 
DCC-FCS containing medium [39], and is prob- 
ably caused by c-jun induction by the serum- 
derived IGFs, in combination with E2-induced 
c-fos. In DCC-FCS we also find induction of 
TRE activity by E2 alone (van der Burg et al., 
unpublished). 

In conclusion, we found that TRE-dependent 
transcriptional activity is induced when MCF7 
cells are optimally stimulated 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 in- 
duced by the phorbol ester TPA, a compound 
that leads to growth arrest in these cells, prob- 
ably by inducing differentiation [40, 41]. There- 
fore, TRE activity may be obligatory, but no 
guarantee for the induction of cellular prolifer- 
ation. Also in other cells it probably plays a role 
in induction of differentiation [42]. A differential 
induction of other early response genes or differ- 
ences in post-translational modifications may 
influence the control of important growth regu- 
latory genes by the mitogens and differentiation 
inducing agents. 

CONCLUSION 

Our results show that by inducing c-fos ex- 
pression E2 is able to directly interact with 
nuclear events that are also induced by poly- 
peptide growth factors and that represent a 
critical step in the induction of cellular prolifer- 
ation and tumorigenesis [27]. 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 MCF7 
cells do not react to the growth factors which 
they secrete (reviewed in [20]). Stimulation of 
TRE activity in cells by TPA treatment or 
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transfection with activated r a s  oncogenes 
(reviewed in[43]), results in growth factor 
secretion [44-46]. Therefore growth factor 
secretion by MCF7 cells may be a consequence 
rather than a cause of growth stimu- 
lation [20, 38]. Interestingly, when MCF7 cells 
are transfected with the potent v-Ha-ras onco- 
gene, a loss of E2-dependence concomitant with 
elevated growth factor secretion has been ob- 
served[47,48]. Possibly, not this elevated 
growth factor secretion but the direct activation 
of TRE activity is the cause of the 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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