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Respective contribution exerted by AF-1 and AF-2
transactivation functions in estrogen receptor a

induced transcriptional activity by isoflavones and
equol: Consequence on breast cancer cell
proliferation

Charlotte Carreau1, Gilles Flouriot2, Catherine Bennetau-Pelissero1 and Myl�ne Potier1

1 Unit� Micronutriments Reproduction Sant�, ENITAB-1, Cours du G�n�ral de Gaulle, CS 40201,
Gradignan, France

2 Equipe “R�cepteur des œstrog�nes et destin�e cellulaire” – CNRS UMR 6026, Rennes, France

Estrogens used in hormone replacement therapy regimens may increase the risk of developing breast
cancer. Paradoxically, high consumption of plant-derived phytoestrogens, particularly soybean isofla-
vones, is associated with a low incidence of breast cancer. To explore the molecular basis for these
potentially different experimental/clinical outcomes, we investigated whether soybean isoflavones
elicit distinct transcriptional actions from estrogens by performing transient transfections in different
cell lines. Our results demonstrate that 17b estradiol (E2), isoflavones, and equol (EQ) effectively
trigger the transcriptional activation with both estrogen receptors (ER), ERa and ERb. ERa transcrip-
tional activity is mediated through two transactivation domains AF-1 and AF-2, whose activity is
tightly regulated in a cell-type and promoter-specific manner. Isoflavones, genistein, and daidzein
(DAI), and EQ, the main estrogenic metabolite of DAI, are ERa agonists for transcriptional activa-
tion. The molecular mechanisms for ERa-induced transcriptional activity by isoflavones and EQ
involve their capacity to act mainly through AF-1 regardless of the cell type. Therefore, our data indi-
cate that estrogenic ligands, such as isoflavones and EQ, exert their effects on ERa transactivation
similarly to the endogenous ligand E2, and suggest that the risk of estrogen-related diseases might not
be reduced by soy-rich food and/or isoflavone- or EQ-based supplements.
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1 Introduction

Estrogens were used in hormone replacement therapy
(HRT) not only to prevent menopausal symptoms such as
hot flushes, urogenital atrophy but also osteoporosis in post-
menopausal women. Unfortunately, HRT has not lived up to

its potential to improve health in women. Estrogens have
been associated with an increased incidence of breast and
endometrial cancers, which has led to the use of antiestro-
gens and selective estrogen receptor modulators (SERM)
such as tamoxifen and raloxifen that have a safer profile.
However, since undesirable effects persist, numerous inves-
tigators continue to search for better SERM for HRT.

There is a growing interest in using natural dietary phy-
toestrogens, particularly those found in soy products, as a
potential alternative to the estrogens in HRT. Interest in
phytoestrogens has been fuelled by observational studies
showing a marked difference in the incidence rates of breast
cancer in women from western countries compared to those
in non-western countries [1]. Investigators have hypothe-
sized that an Asian diet, which is typically high in soy con-
tent, may be one factor that explains the lower incidence of
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breast cancer in these countries compared with other coun-
tries on a traditional diet that lacks soy as a common com-
ponent [2].

The isoflavones genistein (GEN) and daidzein (DAI),
which are abundant in soybeans, and available widely as
herbal tablets, are especially popular among postmeno-
pausal women who are taking phytoestrogens in an effort to
alleviate menopausal symptoms without the risk of devel-
oping breast cancer. Despite their popularity and putative
health benefits, it is clear that we need to know much more
about the molecular mechanisms, safety, and efficacy of
isoflavones, as natural SERM, before they can be recom-
mended to postmenopausal women as an alternative to
estrogens for HRT.

Dietary isoflavones, such as GEN and DAI, and its main
metabolite equol (EQ), are strikingly similar in chemical
structure to steroidal and nonsteroidal estrogens and are
capable of binding weakly to estrogen receptors (ER) [3].
There are experimental evidences for and against the action
of phytoestrogens as promoters or protectants of breast
cancer (for review [4]). Since many in vitro studies have
used a similar cellular background (MCF-7) and experi-
mental conditions, the discrepancies in the findings are
puzzling.

The effects of 17b-estradiol (E2) and related compounds,
such as phytoestrogens, are mediated by two members of
the nuclear receptor superfamily, ERa and ERb, which are
coded on separate genes. ER uses two transactivation func-
tions (AFs), located in their N-terminal (AF-1) and C-ter-
minal (AF-2) domains. Once activated by ligand binding,
these AF recruit coregulators of gene transcription. Consti-
tutively active when isolated, AF-1 has been subdivided
into three regions, box 1 (amino acids 38–64), box 2 (amino
acids 87–108), and box 3 (amino acids 108–129), which
correspond to sequences surrounding the main phosphory-
lated serine residue at position 118 [5]. The transcriptional
activity of the AF-2 region is dependent on ligand binding.
The transcriptional activity of ERa can be promoted
through functional cooperation between both AF-1 and
AF-2 or through each AF acting independently [6]. Impor-
tantly, the respective activities of AF-1 and AF-2 are con-
trolled in a cell-type and promoter-specific manner [7, 8].
Furthermore, it has been shown that the relative contribu-
tion that AF-1 and AF-2 exert on the transcriptional activity
of ERa varies in a cell differentiation stage-dependent man-
ner [9]. Consequently, during the epithelial–mesenchymal
transition, the cell permissiveness shift from AF-1 to AF-2
can be predicted to cause ERa to regulate different gene
patterns. More recently, the sensitivity of ERa transcrip-
tional activity toward the cell differentiation stage has been
shown to be controlled by the AF-1 box 1 subregion [10].

Therefore, isoflavones and EQ may produce clinical and/
or experimental effects distinct from estrogens by differen-
tially triggering ERa transcriptional activity. To test this
hypothesis, we compared the effects of GEN, DAI, and EQ

on the transcriptional activity of ERa in different cellular
backgrounds. Furthermore, the present study investigated
the roles of the AF domains, and more particularly of the
AF1 box 1 subregion, in the ability of isoflavones (GEN,
DAI) and EQ in ERa transactivation. For these purposes,
transient transfections of ERa constructs were performed in
an ER positive mammary epithelial cell line (MCF-7) as
well as in the ER-negative HeLa and HepG2 cell lines,
which offer opposite AF permissiveness. The ability of
GEN, DAI, and EQ, alone or in combination with E2, to
modulate ERa protein levels and to exert growth promoting
effects in MCF-7 cells were also examined.

2 Materials and methods

2.1 Reagents and antibodies

E2 and the monoclonal anti-b-actin AC-15 were purchased
from Sigma (France). Polyclonal anti-ERa (HC-20) was
obtained from Tebu-bio (France) and ICI 182 780 (ICI)
from Tocris (UK). The isoflavones GEN and DAI, and its
metabolite EQ, were obtained by chemical synthesis by Dr.
S. Shinkaruk at the Laboratoire de Chimie Organique et
Organom�tallique (Institut des Sciences Mol�culaires ISM,
UMR 5255, CNRS, France). Purity of these compounds
was assessed by means of NMR spectra analyses and deter-
mined as F97%. Stock solution of EQ was a mixture (1:1)
of racemic compounds (R-EQ/S-EQ).

2.2 Plasmids

Expression vectors pSG5, pSG human (h)ERa66,
pSGERa46 pSGERaD79, pSGERaD79 S118A, and
pCMV-b galactosidase as well as ERE-TK-LUC and hC3-
LUC reporter genes were previously described [10].
Expression vector for human (h)ERb (pSG5ERb) was pro-
vided by Professor J. A. Gustafsson's department (Depart-
ment of Biosciences and Medical Nutrition, Karolinska
Institute, Sweden).

2.3 Cell culture and proliferation

All cell lines (HeLa, HepG2, and MCF-7) were routinely
maintained in DMEM (Sigma), supplemented with 5% fetal
calf serum (FCS, Sigma) and antibiotics (Invitrogen,
France). For experimental conditions, phenol red-free
medium DMEM/F12 (Invitrogen) supplemented with 2.5%
charcoal-stripped FCS was used (experimental medium).
For cell proliferation, MCF-7 cells (25 000/well) were
seeded in a 24-well plate in DMEM supplemented with 5%
FCS. After 24 h, the medium was changed to an experimen-
tal medium either supplemented or not with FCS and with
the indicated treatment for up to 5 days. Cell number was
determined after 3 and 5 days with a Coulter cell counter
(Beckman Coulter, France).
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2.4 Transient transfection experiments

Transfections were carried out with FuGENETM 6 as recom-
mended by the manufacturer (Roche Diagnostics, France)
and as described previously [10] with 50 ng of total DNA
consisting of the expression vector, the reporter gene and
the pCMV-b galactosidase internal control (10, 20, and
20 ng, respectively). Following an overnight incubation
with the transfection mixture, cells were treated either with
different concentrations of E2, isoflavones (10 nM, 0.1–
10 lM, respectively), ICI (1 lM), or vehicle (0.1% etha-
nol), or a combination of these compounds as indicated.
Following 36 h of transient expression, cells were harvested
and luciferase and b-galactosidase assays were performed
as previously described [10]. The reporter gene activity was
obtained after normalization of the luciferase activity with
the b-galactosidase activity.

2.5 ERa mRNA and protein expression

Total RNA was extracted using Tri-Reagentm (Euromedex,
France) after 24 h of treatment in an experimental medium.
RT was performed on 2 lg of total RNA. PCR amplifica-
tions of human ERa and b-actin as the housekeeping gene
were performed as published [11]. Expressions of ERa and
b-actin were examined by Western blot as previously pub-
lished [11]. Densitometry analysis was performed using
ImageJ 1.17 (National Institute of Health, USA), to deter-
mine relative amounts of amplicons and protein. Data
obtained were normalized to b-actin signals.

2.6 Statistical analysis

Shown are the means € SEM of three to ten independent
experiments, each performed in triplicate (transfections) or
duplicate. One-way ANOVA and Dunnett's multiple com-
parison post-hoc test or Student's t-test were performed for

the statistical analysis between experimental conditions
(GraphPad Prismm, USA). Dose-dependant effects were
assessed by linear regression (GraphPad Prism). Statistical
significance is indicated by 1, 2, and 3 symbols for
p < 0.05, p < 0.01, and p < 0.001, respectively.

3 Results and discussion

In MCF-7 cells, GEN, DAI, and EQ (0.1–10 lM) induce
ERa and ERb transactivation on the hC3-LUC reporter
gene in a dose-dependant fashion as calculated by linear
regression (R2 = 0.99; 0.97; 0.78 for ERa and 0.97; 0.99;
0.87 for ERb, respectively). For ERa a significant increase
in transcriptional activity is obtained with 1 and 10 lM of
GEN, DAI, and EQ (12.8 € 3.6; 17.9 € 1.2, 4.8 € 1.0;
7.1 € 1.2, and 11.7 € 3.4; 12.1 € 2.2-fold increase com-
pared to control, respectively). For ERb, 1 and 10 lM of
GEN and DAI induce a significant increase (2.9 € 0.4;
3.9 € 0.6, and 2.1 € 0.4; 2.3 € 0.2-fold increase compared
to control) while only the highest concentration of EQ indu-
ces a significant effect (2.9 € 0.6-fold increase compared to
control). GEN, DAI, and EQ (10 lM) induce a significant
ERa and ERb transactivation similar to the one induced by
10 nM E2 (Fig. 1). E2, GEN, DAI, and EQ effects on both
ER are completely abolished by treatment with 1 lM ICI
(data not shown). The ERb-induced transactivation by E2
and isoflavones in MCF-7 cells is lower overall than that of
ERa. For both ER, transactivation is slightly lower overall
when using the estrogen sensitive reporter gene ERE-TK-
LUC (data not shown). We observe that similar effects to
E2 are typically achieved at concentrations that are two or
three orders of magnitude higher, which can be reached
physiologically with a phytoestrogen-rich diet. Serum con-
centrations of GEN, DAI, or EQ are quite different between
women from various geographic areas and/or specific diets
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Figure 1. Transcriptional activation of ER by isoflavones and EQ in MCF-7. The effects of V (EtOH, 0.1%), E2 (10 nM), GEN, DAI,
and EQ (10 lM) on ER transcriptional activity. Cells were cotransfected with ERa (A) or ERb (B) and the hC3-LUC. Data are
expressed as reporter fold induction compared to V-treated cells. Shown are means € SEM of six to ten independent transfection
experiments, each performed in triplicate wells. Comparisons between experimental conditions were performed by a one way
ANOVA followed by Dunnett's test and/or a Student's t-test when applicable. Statistical significance is indicated by * and *** for com-
parison to control (V-treated cells) for p < 0.05 and p < 0.001, respectively.
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[12]. For instance, isoflavones concentrations in plasma
from 0.2 to 10 lM have been reported [2, 13]. This is also
in accordance with the fact that the relative binding affinity
of phytoestrogens, measured on recombinant ER, is gener-
ally in the order of 1000–10 000 times less than that of E2
(except for GEN which has a much higher relative binding
affinity in the order of 10–100 times less than E2) [3]. We
observed a stronger transactivation (approximately five
times) of ERa compared to ERb (Fig. 1). This is in agree-
ment with previously published data on HEK 293 cells and
in Ishikawa cells using different (3ERE-TATA LUC) or
similar reporter constructs [3, 14] but in contrast with those
of Harris et al. [15], which showed no difference between
ERa and ERb in transfected MCF-7 cells. However, this
stronger activation seems to be corroborated by the study of
Manas et al. [16], in 2004 showing essentially no difference
in the structural determinations between the ERa-ligand
binding domain (LBD) and the ERb-LBD bound to GEN.

Previously published data have often given contradictory
results for phytoestrogens, suggesting that the estrogenic
and/or antiestrogenic activity of these structurally diverse
natural compounds is complex. Therefore, it was of particu-
lar interest to determine the precise mechanisms of the
action of GEN, DAI, and EQ on ERa transcriptional activa-
tion. The use of ERa constructs expressed in ER-negative
backgrounds has been a powerful technique for studying
the function of various domains in the ER [7–10]. To exam-
ine the role of the different AF of the ERa-induced transac-
tivation by GEN, DAI, and EQ in different cellular back-
grounds, we used expression vectors of full length ERa

(ERa66) or truncated ERa in the A/B domain (ERaD79,
ERa46). ERaD79 construct is deleted from the first 79
amino acids and therefore from the AF-1, box 1 subregion.
ERa46 is deleted from the A/B domains and therefore from
the entire AF-1 (box 1 and box 2/3 subregions). Thus, a sim-
ilar activity of the three receptors is inherent in a strict AF-2
activity, whereas higher transcriptional activity of ERa66
or ERa66 and ERaD79 defines a box 1 or box 2/3 activity,
respectively. This was done by comparing the transcrip-
tional efficiency of different ERa constructs on estrogen
sensitive reporter genes in MCF-7 as well as in HeLa and
HepG2 epithelial cell lines, which both have opposite AF
permissiveness.

Similar expression of the different ERa variants in all
cell lines was controlled by Western blots (data not shown).
In MCF-7 cells, GEN, DAI, and EQ (10 lM) present the
same transactivation profile of ERa constructs as E2
(10 nM), i.e., a higher transactivation of both ERa66 and
ERaD79 than ERa46 (Fig. 2A). Furthermore, while the E2
and EQ effects are quantitatively similar on the three con-
structs, GEN-induced transactivation of ERa66 and
ERaD79 is higher and DAI-induced transactivation of
ERaD79 is lower compared to the E2 effects. ICI (1 lM)
completely blocked the effects of E2 and of isoflavones and
EQ (data not shown). These results indicate that, in MCF-7

cells, transactivation of ERa by isoflavones and EQ is
mainly mediated though AF-1 and that deletion of AF-1
box 1 subregion has no effect on ERa-induced transactiva-
tion.

It is well known that ERa serine 118 (Ser 118) phosphor-
ylation modulates box 2/3 activity of AF-1 function [5]. To
further investigate the mechanisms of the action of isofla-
vones and EQ to induce ERa transcriptional activity, cells
were transfected with another construct, ERaD79S118A,
deleted from the first 79 amino acids and with the Ser 118
replaced by an Ala. The replacement of Ser 118 inhibits the
ERaD79-induced transcriptional activity by E2, GEN, DAI,
and EQ in MCF-7 cells (Fig. 2B) as well as in Hela and
HepG2 cell lines (data not shown). Therefore, in MCF-7
cells, GEN, DAI, EQ, and E2, induce ERa transcriptional
activity mainly through the box 2/3 of the AF-1 domain,
and involve the phosphorylation of the Ser 118.

In HepG2, a strict AF-1 permissive cell line, all com-
pounds have the same transactivation profile for the three
ERa constructs (Fig. 2C). For the phytoestrogens tested,
HepG2 cells are highly permissive to the transcriptional
activity of ERa, which relies mainly on the box 1 of the
AF-1 domain (L60%). Furthermore, GEN, DAI, and EQ
effects were not quantitatively different from those induced
by E2.

In HeLa, the AF-2 permissive cell line, ERa is induced
slightly compared to HepG2 (Fig. 2D). This transactivation
is mainly ensured by AF-2 (ERa66LERa46). However,
deletion of the box 1 and the A domain (ERaD79), previ-
ously identified as an internal structural repressor [6],
enhances ERa activity therefore allowing a stronger trans-
activation through AF-1 box 2/3 (ERaD79 vs. ERa66-
LERa46). GEN and EQ present the same transactivation
profile as E2, with a similar transactivation of ERa66 and
ERa46 and a higher ERaD79 transactivation. The GEN,
EQ, and E2 effects are quantitatively similar. Interestingly,
DAI transactivates equally both ERa66 and ERaD79 in a
significantly higher manner than E2 while ERa46-induced
transactivation is similar. This suggests that DAI is more
potent than E2 in an AF-2 cellular background in inducing
transactivation through box 2/3 and/or in preventing struc-
tural repression by box 1.

It appears that the ability of phytoestrogens to act as ER
agonists varies between cell types. Our results indicate that
regardless of the cellular background, i.e., AF sensitivity,
GEN, DAI, EQ, and E2 induce a similar transcriptional acti-
vation of ERa. More particularly, ERa transcriptional acti-
vation by isoflavones and EQ involve their capacity to act
mainly through AF-1 regardless of the cellular background.
Previous studies show that differences among SERM,
including antiestrogens, xenoestrogens, and phytoestro-
gens, can be observed in cells transfected with variant
forms of ERa [7, 8, 17–19]. They conclude that the estro-
genic potency of compounds is a complicated phenomenon
which results from a number of factors, such as the differ-
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ential effects on the transactivation functionalities of the
receptor, the particular coactivators recruited, the cell- and
target promoter-contexts and the cell differentiation stage
[7–10].

These particular phytoestrogens have the same mecha-
nisms of action than E2 on ERa in MCF-7. Having estab-
lished that isoflavones and EQ are ER activators, we wanted
to confirm these effects on more complex physiological
responses, such as ERa expression and cell proliferation.
E2 is known to downregulate the levels of ERa in breast
cancer cell lines through an increased turnover of the E2-
activated ERa protein and a reduced transcription rate of its
own gene [20]. This downregulation represents an addi-
tional hallmark of the activation of ERa by an agonist. This
prompted us to check whether ERa mRNA and protein lev-
els are sensitive to isoflavones and EQ in MCF-7 cells.
GEN, DAI, and EQ (10 lM, 24 h) downregulate ERa

mRNA levels in a similar extent to 10 nM of E2 (data not
shown). Using the same treatment, we also observe a down-
regulation of ERa66 protein content with GEN, DAI, and

EQ similar to the one induced by E2 (Fig. 3A). These
results confirm previously published studies in MCF-7 cells
[21, 22]. In contrast, only GEN significantly decreases
ERa46 protein content, while there was no change with E2,
DAI, and EQ. This effect could be explained by GEN hav-
ing an ER-independent effect such as the inhibition of tyro-
sine kinase or the induction of c-fos [23]. The effects of
GEN, DAI, and EQ on ERa protein expression were
unchanged in presence of E2 (data not shown).

Estrogens are decisive actors responsible for the prolifer-
ation and differentiation of normal mammary epithelial
cells as well as the development and progression of breast
cancer. We then analyzed the effects of these compounds on
the proliferation of estrogen-dependant MCF-7 cells, in the
presence or absence of charcoal-stripped FCS. Figures 3B
and C show that isoflavones, EQ, and E2 stimulate the pro-
liferation of MCF-7 cells to a similar extent in the presence
or absence of FCS. The effects of GEN, DAI, and EQ on
MCF-7 cell proliferation were similar at 1 lM and
unchanged in the presence of E2 (data not shown). ICI
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Figure 2. Transcriptional activation of ERa by isoflavones and EQ in different cell lines. Transcriptional activity of different ERa con-
structs was determined using hC3-LUC in MCF-7 cells (A and B) or ERE-TK-LUC in HepG2 (C) and HeLa cells (D). Data are
expressed as reporter fold induction. Shown are means € SEM of six to ten independent transfection experiments, each performed
in triplicate wells. Comparisons between experimental conditions were performed by a one way ANOVA followed by Dunnett's test
and/or a Student's t- test when applicable. Statistical significance is indicated by * symbol for comparison to ERa-66-transfected
cells (black bars) within groups for a same compound, symbols 9 or 0 were used for comparison to E2-treated cells for a same ERa

construct. 1, 2, and 3 symbols were used to express significance for p < 0.05, p < 0.01, and p < 0.001, respectively.
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(1 lM) completely blocked the E2, the isoflavones, and
E-induced MCF-7 cell proliferation (data not shown).
There seems now to be a general consensus view that in
MCF-7 cells, GEN has biphasic effects on cell growth such
that, at low concentrations, it acts as an estrogen agonist
through the ER, whilst at higher concentration it inhibits
cell growth through non-ER pathways [21]. However, our
results are in accordance with those classically described
for lower concentrations of phytoestrogens in MCF-7 cells
[22, 24, 25] and are consistent with the demonstration that
full activity of the AF-1 domain is required for the E2-
dependant proliferation of ERa positive breast cancer cell
lines [17].

4 Concluding remarks

Understanding how natural estrogens elicit clinical selec-
tive effects is a key to the development of safer estrogens
for HRT. We have shown that isoflavones (GEN and DAI),
EQ, and estrogens (E2) have similar effects on ERa tran-
scriptional activation, on ERa expression regulation and on
MCF-7 cell proliferation. More precisely, the molecular
mechanisms for ERa transcriptional activation by isofla-

vones and EQ involve their capacity to act mainly through
AF-1 and GEN, DAI, and EQ have similar estrogenic prop-
erties to E2 on ERa expression and on MCF-7 cell prolifer-
ation. This study confirms that phytoestrogens are SERM
with estrogenic activities.

The declining use of HRT may mean that more women
are using phytoestrogens supplements as a natural alterna-
tive to HRT despite the fact that there is no good evidence
that they reduce menopausal symptoms much beyond a pla-
cebo effect. These supplements are available as over the
counter drugs and they vary widely in their phytoestrogen
content [26]. In conclusion, advocating soy-rich food or
even isoflavone-based pills for women without medical fol-
low-up should be considered critically. Moreover, it also
follows that the diet of breast cancer patients should be
matched carefully with their particular tumor types.
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Figure 3. Effects of isoflavones and EQ on ERa protein levels and cell proliferation in MCF-7. The effects of V (EtOH 0.1%), E2
(10 nM), GEN, DAI, and EQ (10 lM) on ERa protein levels (A) and on the number of MCF-7 cells in the absence (B, day 3) or the
presence (C, day 5) of 2.5% charcoal-stripped FCS. Data are expressed as fold increase compared to control (V-treated cells).
Shown are means € SEM of four to five independent experiments, each performed in duplicate wells. Comparisons between exper-
imental conditions were performed by a one way ANOVA followed by Dunnett's test. Statistical significance versus control is indi-
cated by * and *** for p < 0.05 and p < 0.001, respectively.



C. Carreau et al. Mol. Nutr. Food Res. 2009, 53, 652 –658

ERa46, and pSGERaD79 and the luciferase reporter plas-
mids ERE-TK-LUC and hC3-LUC. Many thanks to Profes-
sor J. A. Gustafsson's department (Department Biosciences
and Medical Nutrition, Karolinska Institute, Sweden) for
providing the expression vector for ERb (pSG5hERb). We
are indebted to Russell Wallace for the revision of the Eng-
lish text.

The authors have declared no conflict of interest.

5 References

[1] Althuis, M. D., Dozier, J. M., Anderson, W. F., Devesa, S. S.,
Brinton, L. A., Global trends in breast cancer incidence and
mortality 1973–1997, Int. J. Epidemiol. 2005, 34, 405 –412.

[2] Setchell, K. D., Cassidy, A., Dietary isoflavones: Biological
effects and relevance to human health, J. Nutr. 1999, 129,
758S–767S.

[3] Kuiper, G. G., Lemmen, J. G., Carlsson, B., Corton, J. C. et
al., Interaction of estrogenic chemicals and phytoestrogens
with estrogen receptor beta, Endocrinology 1998, 139,
4252–4263.

[4] Rice, S., Whitehead, S. A., Phytoestrogens, oestrogen synthe-
sis and breast cancer, J. Steroid Biochem. Mol. Biol. 2008,
108, 186–195.

[5] Ali, S., Metzger, D., Bornert, J. M., Chambon, P., Modulation
of transcriptional activation by ligand-dependent phosphory-
lation of the human oestrogen receptor A/B region EMBO J.
1993, 12, 1153 –1160.

[6] Metivier, R., Penot, G., Flouriot, G., Pakdel, F., Synergism
between ERalpha transactivation function 1 (AF-1) and AF-2
mediated by steroid receptor coactivator protein-1: Require-
ment for the AF-1 alpha-helical core and for a direct interac-
tion between the N- and C-terminal domains, Mol. Endocri-
nol. 2001, 15, 1953 –1970.

[7] Berry, M., Metzger, D., Chambon, P., Role of the two activat-
ing domains of the oestrogen receptor in the cell-type and
promoter-context dependent agonistic activity of the anti-
oestrogen 4-hydroxytamoxifen, EMBO J. 1990, 9, 2811 –
2818.

[8] Tzukerman, M. T., Esty, A., Santiso-Mere, D., Danielian, P. et
al., Human estrogen receptor transactivational capacity is
determined by both cellular and promoter context and medi-
ated by two functionally distinct intramolecular regions, Mol.
Endocrinol. 1994, 8, 21–30.

[9] Merot, Y., Metivier, R., Penot, G., Manu, D. et al., The rela-
tive contribution exerted by AF-1 and AF-2 transactivation
functions in estrogen receptor alpha transcriptional activity
depends upon the differentiation stage of the cell, J. Biol.
Chem. 2004, 279, 26184–26191.

[10] Huet, G., Merot, Y., Le Dily, F., Kern, L. et al., Loss of E-cad-
herin-mediated cell contacts reduces estrogen receptor alpha
(ER alpha) transcriptional efficiency by affecting the respec-
tive contribution exerted by AF1 and AF2 transactivation
functions, Biochem. Biophys. Res. Commun. 2008, 365,
304–309.

[11] Potier, M., Elliot, S. J., Tack, I., Lenz, O. et al., Expression
and regulation of estrogen receptors in mesangial cells: Influ-
ence on matrix metalloproteinase-9, J. Am. Soc. Nephrol.
2001, 12, 241–251.

[12] Lampe, J. W., Isoflavonoid and lignan phytoestrogens as diet-
ary biomarkers, J. Nutr. 2003, 133 (Suppl 3), 956S–964S.

[13] Mathey, J., Lamothe, V., Coxam, V., Potier, M. et al., Concen-
trations of isoflavones in plasma and urine of post-meno-
pausal women chronically ingesting high quantities of soy
isoflavones, J. Pharm. Biomed. Anal. 2006, 41, 957–965.

[14] Mueller, S. O., Simon, S., Chae, K., Metzler, M., Korach, K.
S., Phytoestrogens and their human metabolites show distinct
agonistic and antagonistic properties on estrogen receptor
alpha (ERalpha) and ERbeta in human cells, Toxicol. Sci.
2004, 80, 14–25.

[15] Harris, D. M., Besselink, E., Henning, S. M., Go, V. L., Heber,
D., Phytoestrogens induce differential estrogen receptor
alpha- or Beta-mediated responses in transfected breast can-
cer cells, Exp. Biol. Med. (Maywood, NJ, US) 2005, 230,
558–568.

[16] Manas, E. S., Xu, Z. B., Unwalla, R. J., Somers, W. S., Under-
standing the selectivity of genistein for human estrogen
receptor-beta using X-ray crystallography and computational
methods, Structure 2004, 12, 2197 –2207.

[17] Fujita, T., Kobayashi, Y., Wada, O., Tateishi, Y. et al., Full
activation of estrogen receptor alpha activation function-1
induces proliferation of breast cancer cells, J. Biol. Chem.
2003, 278, 26704 –26714.

[18] Yoon, K., Pallaroni, L., Stoner, M., Gaido, K., Safe, S., Differ-
ential activation of wild-type and variant forms of estrogen
receptor alpha by synthetic and natural estrogenic compounds
using a promoter containing three estrogen-responsive ele-
ments, J. Steroid Biochem. Mol. Biol. 2001, 78, 25–32.

[19] Wu, F., Safe, S., Differential activation of wild-type estrogen
receptor alpha and C-terminal deletion mutants by estrogens,
antiestrogens and xenoestrogens in breast cancer cells, J. Ste-
roid Biochem. Mol. Biol. 2007, 103, 1–9.

[20] Reid, G., Hubner, M. R., Metivier, R., Brand, H. et al., Cyclic,
proteasome-mediated turnover of unliganded and liganded
ERalpha on responsive promoters is an integral feature of
estrogen signaling, Mol. Cell 2003, 11, 695–707.

[21] Maggiolini, M., Bonofiglio, D., Marsico, S., Panno, M. L. et
al., Estrogen receptor alpha mediates the proliferative but not
the cytotoxic dose-dependent effects of two major phytoes-
trogens on human breast cancer cells, Mol. Pharmacol. 2001,
60, 595–602.

[22] Seo, H. S., DeNardo, D. G., Jacquot, Y., Laios, I. et al., Stim-
ulatory effect of genistein and apigenin on the growth of
breast cancer cells correlates with their ability to activate ER
alpha, Breast Cancer Res. Treat. 2006, 99, 121 –134.

[23] Maggiolini, M., Vivacqua, A., Fasanella, G., Recchia, A. G.
et al., The G protein-coupled receptor GPR30 mediates c-fos
up-regulation by 17beta-estradiol and phytoestrogens in
breast cancer cells, J. Biol. Chem. 2004, 279, 27008–27016.

[24] Matsumura, A., Ghosh, A., Pope, G. S., Darbre, P. D., Compa-
rative study of oestrogenic properties of eight phytoestrogens
in MCF7 human breast cancer cells, J. Steroid Biochem. Mol.
Biol. 2005, 94, 431–443.

[25] Schmidt, S., Michna, H., Diel, P., Combinatory effects of phy-
toestrogens and 17beta-estradiol on proliferation and apopto-
sis in MCF-7 breast cancer cells, J. Steroid Biochem. Mol.
Biol. 2005, 94, 445–449.

[26] Vergne, S., Bennetau-Pelissero, C., Lamothe, V., Chantre, P.
et al., Higher bioavailability of isoflavones after a single
ingestion of a soya-based supplement than a soya-based food
in young healthy males, Br. J. Nutr. 2008, 99, 333–344.

658

i 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com


