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ABSTRACT

Several estrogenic compounds including the isoflavonoid genistein have been reported to induce a higher
maximal response than the natural estrogen 173-estradiol in in vitro luciferase based reporter gene bioas-
says for testing estrogenicity. The phenomenon has been referred to as superinduction. The mechanism
underlying this effect and thus also its biological relevance remain to be elucidated. In the present study
several hypotheses for the possible mechanisms underlying this superinduction were investigated using
genistein as the model compound. These hypotheses included (i) a non-estrogen receptor (ER)-mediated
mechanism, (ii) a role for an ER activating genistein metabolite with higher ER inducing activity than
genistein itself, and (iii) a post-transcriptional mechanism that is not biologically relevant but specific
for the luciferase based reporter gene assays. The data presented in this study indicate that induction
and also superinduction of the reporter gene is ER-mediated, and that superinduction by genistein could
be ascribed to stabilization of the firefly luciferase reporter enzyme increasing the bioluminescent signal
during the cell-based assay. This indicates that the phenomenon of superinduction may not be biologically

relevant but may rather represent a post-transcriptional effect on enzyme stability.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Isoflavones represent the most important group of phytoestro-
gens and have structural similarities to endogenous estrogens,
suggesting that these compounds might exert their estrogenic
effects via the estrogen receptor (ER) [1]. Several in vitro assays
have been used over the past years to investigate and define the
hormonal, including also estrogenic, activity of isoflavones. Indeed,
many of these studies have shown that isoflavones exert estro-
genic and/or anti-estrogenic activities [2]. An important model
isoflavonoid tested in these studies is genistein, which is the main
isoflavone present in legumes, particularly soybeans. Diverse bio-
logical activities have been associated with genistein including its
estrogenicity and chemopreventive and/or antioxidant potential
[3,4]. In vitro, genistein showed a wide range of cellular activities
including inhibition of tyrosine kinase, inhibition of topoisomerase,
inhibition of autophosphorylation of the epidermal growth factor
receptor, mutagenesis but also antimutagenesis, induction of DNA
damaging oxidation but also its prevention, and the promotion of
cell death by apoptosis [5]. Some of the estrogenic characteristics
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of genistein may contribute to protective roles in osteoporosis and
menopause symptoms [6], but also to have positive effects against
heart diseases, diabetes or even cancer [7]. These proposed bene-
ficial health effects of phytoestrogens in general, and of genistein
in particular, have led to a wide range of isoflavonoid based food
supplements.

Numerous in vitro ER assays have been developed to test the
agonism or antagonism of a given substance. Reporter gene assays
have become the most popular technique for measuring short-term
screening of estrogenic activity. However, a response in an in vitro
ER agonist or antagonist assay is not sufficient to predict biological
or in vivo effects.

Genistein and other isoflavones have been shown to be weakly
estrogenic and to have relatively low receptor affinity as compared
to the natural estrogen receptor ligand 17f3-estradiol (E2). How-
ever, in some mammalian cell-based assays, using human U20S
bone or Chinese hamster ovarian (CHO) cells, stably transfected to
express estrogen receptor (ER) to make them responsive to estro-
gens, or using MCF7 breast cancer cells containing endogenous ER,
the maximal induction of the luciferase reporter gene by genistein
has been shown to be substantially higher than the maximal induc-
tion by estradiol (E2) [8-12].In contrast, during cell-based estrogen
stimulated proliferation assays, cell proliferation rates induced by
genistein are similar to those induced by E2, although occurring at
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higher concentrations [11,13,14]. No “superproliferation” effect by
genistein or other isoflavones has been reported so far.

The mechanism underlying the so-called superinduction of
estrogen receptor mediated gene expression in luciferase based
reporter gene assays and also its biological relevance remain to
be elucidated. The aim of the present study was to investigate
possible mechanisms underlying this superinduction in reporter
gene assays using genistein as the model compound known. Using
the ER antagonists ICI 182,780 and RU58668 it was investigated
whether the superinduction phenomenon was dependent on ER
activation. In a T47D cell proliferation assay it was investigated
whether superinduction was also reflected in superproliferation
(and thus biologically relevant). Furthermore the possible role for
a genistein metabolite with higher induction potency than E2 was
investigated. And finally, using RT-PCR, it was quantified whether
the increased luciferase activity was a result of increased gene
expression and thus mRNA levels or rather a post-transcriptional
effect on enzyme stability. Together these experiments provided
insight in the mechanism underlying the observed superinduction,
pointing at a post-transcriptional effect on enzyme stability and
thus an assay artefact rather than at a biologically relevant effect.

2. Materials and methods
2.1. Materials

17[3-Estradiol (E2; purity>98%) and genistein (purity >98%),
acetonitrile and trifluoroacetic acid were purchased from Sigma
(Zwijndrecht, The Netherlands). RU58668 was a gift from N.V.
Organon (Oss, The Netherlands). Orobol was purchased from
APIN Chemicals LTD (Oxon, UK). ICI 182,780 was provided
by Zeneca Pharmaceuticals (Cheshire, UK). Dimethyl sulfoxide
(DMSO, purity >99%) was purchased from Acros Organics (Pitts-
burgh, PA, USA). Fetal calf serum (FCS, Australian origin, 10099),
geneticin, G418 and Trizol Reagent were provided by Gibco
Invitrogen Life Technologies (Paisley, UK). Phosphate-buffered
saline (PBS, without Ca2* and Mg?*), Hank’s balanced salt solu-
tion (HBSS), nonessential amino acids (100x, 11140-035), growth
medium 1:1 mixture of Ham’s nutrient mixture F12 and DMEM
(31331-028), Alpha-Modified Eagle’s Medium (22561-021), and
exposure medium phenol-free (21041-025) were supplied by
Gibco Invitrogen (Paisley, UK). Dextran-charcoal-treated FCS (DCC-
FCS) was heat inactivated (30min at 56°C) followed by two
45 min DCC-treatments at 45°C [15]. Trypsin was obtained from
Difco (Detroit, USA; 0.25g/100ml in phosphate-buffered saline,
PBS). Sodium bicarbonate (NaHCO3 >99.5%), sodium hydroxide
(NaOH) ethylenedinitrotetraacetic acid (EDTA-2H,0; Titriplex),
magnesium sulfate (MgSO4-7H,0), and 1,4-dithiothreitol (DTT)
were obtained from Merck (Darmstadt, Germany). Magnesium
carbonate ((MgCO3)4Mg(OH),-5H,0) was obtained from Aldrich
(St. Louis, MO, USA). trans-1,2-Diaminocyclohexane-N,N,N’,N’-
tetraacetic acid monohydrate (CDTA) was obtained from Fluka
(Buchs, Switzerland). Hygromycin and Diferin were obtained from
Duchefa (Haarlem, The Netherlands). ATP was provided by Roche
Diagnostics (Mannheim, Germany) and the BCA Protein Assay Kit
by Pierce (Bonn, Germany). RNeasy mini kit and SYBR green were
provided by Quiagen (Hilden, Germany).

2.2. Cell lines

The stably transfected human osteosarcoma (U20S) cell line
(ERa-U20S-Luc) expressing the human ERa in addition to
3XERE(GAGCTTAGGTCACTGTGACCT)-tata-luciferase reporter con-
struct was used as described before [16]. T47D human breast cancer
wild type cells were purchased from the American Type Culture

Collection (Manassas, VA, USA). The T47D-Luc cell line stably trans-
fected with an estrogen receptor mediated luciferase reporter gene
construct was described before [17].

2.3. Cell culture conditions

ERa-U20S-Luc cells were cultured in a 1:1 mixture of DMEM
and F12 (31331-028) buffered with 1260 mg/L NaHCOs, supple-
mented with 7.5% fetal calf serum (FCS) and 0.5% nonessential
amino acids. ERa-U20S-Luc growth medium was supplemented
with geneticin (200 p.g/ml) and hygromycin (50 p.g/ml) as selec-
tion markers. The cells were incubated at 37°C and 7.5% CO, in a
humidified atmosphere.

The T47D wild type and T47D-Luc cell lines were cultured in a
1:1 mixture of Ham’s nutrient mixture F12 and DMEM (31331-038)
supplemented with 5% FCS. The cells were incubated at 37 °C and
5% CO, in a humidified atmosphere.

2.4. ERa-U20S-Luc, T47D-Luc assay

hERa-specific U20S and T47D luciferase reporter gene assays
expressing endogenous ERa were carried out as described previ-
ously [11].

2.5. REA bioassay

The yeast estrogen bioassay is based on a yeast cell stably
expressing hERa and stably transfected with a yeast enhanced
green fluorescent protein (YEGFP) as a reporter gene in response
to estrogens. Estrogenic responses using the REA assay were mea-
sured as described before [18].

2.6. YES assay

The yeast estrogen screen (YES) was created by expressing
human estrogen receptor (hER) and two estrogen response ele-
ments (ERE) linked to the B-galactosidase (lacZ) reporter gene. The
assay was performed according to methods described before [19].

2.7. Cell proliferation measurements

After 48 h of exposure, proliferation in the ERa-U20S-Luc
and T47D cells was determined by measuring incorporation
of 5-bromo-2’-deoxy-uridine (BrdU) into DNA following BrdU
Roche’s colorimetric protocol. Measurements were performed in
a spectrophotometer at 370 nm excitation and 492 nm emission
wavelengths.

2.8. HPLC-DAD analysis

Samples from medium in which T47D and ERa-U20S-Luc cells
were exposed for 24 h under the same conditions described above
to different concentrations of genistein, however without DCC
treated serum in the medium, were collected for HPLC-DAD analy-
sis. The HPLC-DAD system consisted of a Waters (Milford, MA, USA)
Alliance 2695 separation module connected to a Waters 2996 pho-
todiode array detector (DAD), equipped with an Alltech (Breda, The
Netherlands) Alltima C18 5-pm 150 mm x 4.6 mm reverse phase
column with a 7.5mm x 4.6 mm guard column. Before injection,
samples were centrifuged at 16,000 x g for 4 min, and 50 .l was
injected and eluted at a flow rate of 1 ml/min starting at 0% acetoni-
trile in nanopure water containing 0.1% trifluoroacetic acid (TFA),
increasing to 10% acetonitrile in 5min, to 15% in the following
16 min, and to 50% in the next 16 min all in nanopure with 0.1%
TFA. Thereafter, the percentage acetonitrile was increased to 80% in
1 min. This condition was kept for 1 min as a cleaning step, followed
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by a decrease to 0% acetonitrile in 1 min, keeping this condition for
10 min, allowing the column to re-equilibrate at the initial condi-
tions (total run time, 50 min). DAD spectra were detected between
200 and 420nm, and HPLC chromatograms acquired at 280 nm
were used for quantification and presentation.

2.9. LC-MS/MS analysis

Medium of ERa-U20S-Luc cells exposed to 5uM genistein
under the same conditions as described above but without DCC
treated serum in the medium was collected after 24 h of expo-
sure and analyzed by LC-MS/MS. The medium samples were
analyzed by injecting 18 .l sample over a 32 mm x 0.10 mm Pron-
tosil 300-3-C18H pre-concentration column (Bischoff, Germany)
at a flow of 6 pl/min for 10 min. Compounds were eluted from
the pre-concentration column onto a 200 mm x 0.10 mm Prontosil
300-3-C18H analytical column with an acetonitrile gradient at a
flow of 0.5 wl/min. The gradient consisted of an increase from
15 to 50% acetonitrile in water containing 1 ml/L formic acid in
16 min. Thereafter the percentage acetonitrile was increased to
80% in 3 min as a column cleaning step. Downstream of the col-
umn, an electrospray potential of 1.8 kV was applied directly to
the eluent via a solid 0.5 mm platina electrode fitted into a P875
Upchurch microT. Full scan positive mode FTMS spectra were mea-
sured between an m/z of 200 and 600 at a resolution of 60,000 on
a Thermo electron LTQ-Orbitrap (San Jose, CA, USA). MS/MS scans
of the four most abundant singly, doubly or triply charged peaks in
the FTMS scan were recorded in data dependent mode in the linear
trap (MS/MS threshold = 10,000).

2.10. RT-PCR

RNA was extracted after 6 and 24 h exposure using the TRI-
zol precipitation method and purified using an RNeasy mini kit
protocol for second RNA clean up according to the manufac-
turer’s protocol. Integrity and quantity of the extracted RNA was
then assessed by using the Nanodrop ND-1000 spectrophotometer
(Nanodrop Technologies Inc., DE, USA). Approximately 1-2 g of
total RNA was collected per sample. Samples were stored at —80°C
until reverse transcription (RT-)PCR using 1 g of total RNA. First-
strand cDNA synthesis was carried out with an oligo(dT)15 primer
and Moloney murine leukemia virus reverse transcriptase; during
synthesis the recombinant ribonuclease inhibitor RNaseOUT™ was
present. The amplification reaction was carried out on a LightCy-
cler (Roche Diagnostics) with gene-specific primers and used the
SYBR Green 1 protocol. The following LightCycler protocol was
used: 15 min heat start at 95 °C; 45 cycles of denaturation at 95°C
for 30s, annealing at the optimal annealing temperature for the
primer set for 30s, and extension at 72 °C for 45s; and a terminal
extension at 72 °C for 5 min. Fluorescence detection was carried out
at 72°C. Luc mRNA levels were expressed as the Luc:B-actin ratio.
The oligonucleotide sequences for firefly luciferase were reverse
primer: 5-GCCTCACCTACCTCCTTGCT-3’ and forward primer
5-CTTCGTGACTTCCCATTTGC-3'; for B-actin the reverse primer
was 5'-CCAGAGGCGTACAGGGATAG-3' and the forward primer was
5-CACCCCGTGCTGCTGAC-3'.

2.11. Calculations and statistics

Luciferase induction by genistein in the ERa-U20S-Luc, T47D-
Luc cells, and yEGFP and (3-galactosidase induction in yeast cells
were compared with the induction of the respective activities by
the natural ligand E2. The background induction by the solvent con-
trol was set at 0% induction. The maximum induction of luciferase
obtained at 12pM E2 for ERa-U20S-Luc cells, at 20pM E2 for
the T47D-Luc cells and at 3nM and 150 pM E2 for the yEGFP and
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Fig. 1. Induction of ERa-mediated luciferase activity in the ERa-U20S-Luc cells
upon exposure to various (anti)estrogens. (Anti)estrogens tested include E2
(m), E2+5nM ICI 182,780 (#), genistein (@ ), genistein+5nM ICI 182,780 (O),
genistein+100nM ICI 182,780 (x), genistein+180nM RU58668 (a). Induction is
expressed relative to maximal E2 response set at 100%. Data points represent the
mean of triplicate exposure & standard deviation. The dashed line indicates from
what concentration onwards genistein concentrations superinduction is observed.

[B-galactosidase induction in yeast cells were set as 100%. The data
obtained for proliferation as quantified by BrdU incorporation were
plotted as induction of proliferation compared to the solvent con-
trol (DMSO).

3. Results

3.1. Activation of ERE-mediated gene expression in the
ERa-U20S-Luc reporter gene assay

Treatment of the human ERa-U20S-Luc cells with E2 and genis-
tein resulted in dose-dependent expression of luciferase (Fig. 1).
Induction of ERa-mediated luciferase expression by E2 occurs
at concentrations between 1 and 20 pM. Induction by genistein
appears to be biphasic. Exposure to genistein shows a first phase
of dose-related luciferase induction at concentrations from 10 to
200 nM and a second phase with a further dose-related increased
of luciferase induction at concentrations from 1 to 5 WM. The maxi-
mum level of luciferase induction in the first phase of the genistein
induction curve is similar to the maximum level of induction by
12 pM E2 and amounts to 104% of the maximum E2 induction at
100 nM genistein. In the second phase, genistein exposure of the
cells resulted in a so-called superinduction of luciferase activity
amounting to 188% of the maximum level of induction by E2 at
5 M genistein. When co-exposing cells to E2 with 5 nM of the anti-
estrogen ICI 182,780, the luciferase induction by E2 is completely
inhibited (Fig. 1). When genistein is co-exposed with 5nM of the
anti-estrogen ICI 182,780, luciferase induction in the high affinity
first phase is inhibited and only the low affinity luciferase induc-
tion in the second phase remains, as the shape of the curve suggests
that only the first part of the genistein dose-response curve was
inhibited by ICI 182,780 (Fig. 1). However, the luciferase induced
by genistein was totally inhibited by co-exposure with 100 nM ICI
182,780 and 180 nM of another pure ER antagonist, RU58668.

3.2. Activation of ERE-mediated gene expression in the T47D-Luc
reporter gene assay

Similar experiments were performed with the human breast
cancer cell line T47D-Luc reporter gene assay in order to investigate
whether the above described effects of genistein were cell-type
specific. The breast cancer derived T47D-Luc cells use the same
reporter gene construct that is used in the human ERa-U20S-
Luc cell line. The only difference is that the T47D cells make use
of the endogenous ERca, while the ERa-U20S-Luc cells contain
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Fig. 2. Induction of ERa-mediated luciferase activity in the ERa-T47D-Luc cells
upon exposure to various (anti)estrogens. (Anti)estrogens tested include E2 (W),
E2+ 18 nM RU58668 (4), genistein (@ ), genistein + 18 nM RU58668 (O) and genis-
tein+ 180 nM RU58668 (x). Induction is expressed relative to maximal E2 response
set at 100%. Data points represent the mean of triplicate exposure + standard
deviation. The dashed line indicates from what concentration onwards genistein
concentrations superinduction is observed.

an extra construct to make them express the hERa. The results
shown in Fig. 2 reveal that the responses of E2 and genistein are
in the same concentration range and similar to those obtained
with the ERa-U20S-Luc cells. Also the treatment of the T47D-Luc
cells with genistein resulted in a biphasic concentration-dependent
increase in luciferase activity. Genistein shows a first dose-related
luciferase induction at concentrations from 10 to 200nM (first
curve) and a second dose-related increase in luciferase induction
at concentrations from 1 to 10 wM (Fig. 2). The maximum level
of luciferase activity reached in the first phase at 100 nM genis-
tein amounts to 108% of the maximum induction level reached
at 20 pM E2. Genistein-mediated superinduction of luciferase in
the second phase amounts to 227% of the maximum level of
induction by E2 at 10 uM genistein. When cells were co-exposed
to E2 and 18 nM of the anti-estrogen RU58668, the E2 induced
luciferase induction was completely inhibited. When cells were co-
exposed to genistein and 18 nM of this anti-estrogen, the luciferase
induction was only partly inhibited. Again, the shape of the curve
shows that low concentrations of the anti-estrogen inhibit mainly
the first part of the induction curve. Again, luciferase induction
by genistein was completely inhibited by a high concentration
of RU58668 (180 nM).

3.3. T47D cell proliferation

In a next series of experiments, it was investigated whether the
observed genistein-mediated superinduction of luciferase activity
inreporter gene assays would also be reflected in genistein induced
ERa-mediated superinduction of cell proliferation, which is a bio-
logically relevant endpoint of estrogenic activity. Since the T47D
cell line is known to express endogenous ERa, and to show estro-
gen induced ERa mediated cell proliferation, cells from the wild
type T47D cell line were selected as the model system to inves-
tigate the possible occurrence of genistein induced ERa-mediated
superinduction of cell proliferation.

AsshowninFig. 3, treatment of T47D wild type cells for 48 h with
genistein resulted in a dose-dependent increase in cell prolifera-
tion. Proliferation data have been normalized to the proliferation
levels obtained at 1 nM E2, the maximum of E2 induced T47D cell
proliferation. Fig. 3 shows that the maximal proliferative effect
elicited by genistein is similar to that of 1nM E2 and is reached at
a concentration of 1 WM genistein, which is also the genistein con-
centration inducing the maximum response in the first phase of the
luciferase induction in the two reporter cell assays. At concentra-
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Fig. 3. T47D cell proliferation. Effect of DMSO, estradiol and genistein (black) and
DMSO, estradiol and genistein +10nM ICI 182,780 (grey) on induction of T47D cell
proliferation (IP). The horizontal dotted line indicates the maximal proliferation by
E2 at 1 nM. Proliferation was quantified measuring BrdU incorporation after 48 h
exposure. The dashed line indicates from what concentration onwards genistein
concentrations superinduction is observed.

tions of 3-20 WM genistein, the range where in both reporter gene
assays genistein-mediated superinduction was observed, no genis-
tein induced “superproliferation” of the T47D cells was observed.
When cells were co-exposed with the antagonist ICI 182,780
(10nM), the E2 induced proliferation was completely inhibited, and
this concentration was able to reduce genistein induced cell prolif-
eration at genistein concentrations of 0.1-1 wM, but was not able
to inhibit the proliferation caused by genistein at 3-20 wM (Fig. 3).

3.4. Genistein metabolite formation

One possible explanation for the observed superinduction by
genistein, would be the formation of a metabolite that is also
an active ER agonist by itself. Above 1M genistein, at which
the superinduction occurs, HPLC analysis of the culture medium
revealed the formation of a genistein metabolite (M1) (Fig. 4).
The medium from ERa-U20S-Luc cells incubated with 1 and
5uM genistein was collected upon 24h exposure. HPLC-DAD
chromatograms obtained from medium of genistein-treated cells
showed the presence of genistein at a retention time of 36.7 min
and another compound (M1) at aretention time of 31.2 min (Fig. 4).
Based on the shorter retention time and similarities in the UV spec-
tra, M1 is likely to be a polar metabolite of genistein. The formation
of this unknown metabolite (M1) by the ERa-U20S-Luc cells was
significant at concentrations of 0.5 .M genistein and higher.

The samples used for the HPLC-DAD analysis, were subsequently
analyzed by LC-FTMS/MS in positive ion mode. The protonated
genistein corresponds to the most abundant ion at m/z 271. The
MS/MS spectrum (with fragments formed at m/z 271, 253, 243, 225,
215, 187 and 153) confirmed that the molecular ion [M+H]* at m/z
271 was indeed genistein (data not shown). The M1 metabolite
([M+H]* ion at m/z 287) was subsequently analysed by LC-MS/MS.
Fragmentation of the m/z 287 ion yielded product ions at m/z 269,
259, 241, 231 and 161. The presence of the ion at m/z 161 had only
been observed earlier with isoflavones as a rearrangement prod-
uct for a dihydroxylated B-ring fragment [20]. The losses at MH*
—18 (269), MH* —28 (259) and MH* 28-28 (231) are typical for
hydroxyisoflavones. Taken together, the MS/MS data are consis-
tent with a hydroxylation on the ring B for product M1 identifying
the metabolite as 5,7,3',4’-tetrahydroxyisoflavone, better known as
orobol. Subsequently, this metabolite, identified as orobol, was also
tested in the ERa-U20S-Luc reporter gene assay (Fig. 5). Orobol is
able to induce reporter gene expression at concentrations above
1 .M reaching a superinduction of 187% at 40 wM.
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Fig. 4. HPLC analysis. Representative sections of the HPLC chromatograms of ERa-U20S-Luc medium samples after 24 h of exposure to (A) 1 wM and (B) 5 wM genistein, and
the UV spectra belonging to the peaks of M1 (UVyax 257.6 nm) and genistein (UVmax 262.3 nm).
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Fig. 5. Induction of ERa-mediated luciferase activity in the ERa-U20S-Luc cells
upon exposure to genistein (® ) and orobol (4 ). Induction is expressed relative
to maximal E2 response set at 100%. Data points represent the mean of triplicate
exposure =+ standard deviation. The dashed line indicates from what concentration
onwards genistein concentrations superinduction is observed.

3.5. Yeast estrogen bioassay

Two more reporter gene assays were used to test whether
the superinduction caused by genistein and orobol could also be
observed using different reporter genes, namely enhanced green
fluorescent protein (yEGFP) and (-galactosidase ([3-gal). Both of
these reporter gene assays are based on yeast cells that have been
previously shown to be metabolically inactive with regard to natu-
ral and synthetic estrogens[21,22]. The yeast cells expressing hERa
were exposed to genistein and orobol. Fig. 6A and B shows that both
genistein and orobol resulted in the same maximal response as E2.
Thus, no superinduction was observed in bioassays based on yeast
cells and using different reporter genes than firefly luciferase.

3.6. Genistein and E2 induced luciferase gene expression as
detected by RT-PCR

Additional experiments were performed aiming at studying
the effect of genistein on luciferase mRNA and/or protein activ-
ity and stability. Post-transcriptional activation and stabilization
of luciferase mRNA and/or protein might be an alternative expla-
nation for the observed superinduction at high concentrations of
genistein (>1 wM) explaining increased luciferase activity without
the need for increased transcriptional activity. To actually verify
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Fig. 6. Induction of ERE-mediated reporter gene in yeast estrogen bioassays. (A)
Induction of ERE-mediated yEGFP expression in a yeast estrogen bioassay using
yEGFP as reporter gene upon exposure to E2 (@ ), genistein (W) and orobol (A
). Data points represent the mean of triplicate exposure + standard deviation. (B)
Induction of ERE-mediated [3-galactosidase expression in a yeast estrogen bioassay
upon exposure to E2 ("), genistein (M). Data points represent the mean of triplicate
exposure £ standard deviation. (1) Cytotoxicity.

whether or not the increased luciferase activity is a true reflection
of increased transcriptional activity, RT-PCR based quantification
of luciferase mRNA formation as a function of increasing genistein
concentrations was performed and results obtained were com-
pared to the level of mRNA formation induced at optimal levels of
E2.To this end, ERa-U20S-Luc cells were treated with E2 and genis-
tein during 6 and 24 h. RNA from all the samples was extracted,
and expression of firefly luciferase gene mRNA was compared with
that of the housekeeping gene [3-actin by RT-PCR. RT-PCR analy-
sis revealed that the firefly luciferase gene expression was 23-fold
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Ratio target gene in treated/control

Fig.7. Relative firefly luciferase mRNA expression levels in ERa-U20S-Luc cells nor-
malized to the expression of 3-actin after 6 h (black column) and 24 h (grey column).
The dashed line indicates from what concentration onwards genistein concentra-
tions superinduction is observed.

up-regulated by 12pM E2 (Fig. 7). Increasing concentrations of
genistein resulted in increased expression of luciferase mRNA, but
the maximum level of mRNA induction reached was 9-fold, and
never reached the induction factor observed for E2. Moreover, no
superinduction of the mRNA level due to genistein treatment at
concentration above 1 wM genistein was observed.

Genistein at concentrations above 1 wM increased the luciferase
activity. Therefore, in subsequent experiments we used a cell-free
biochemical assay to measure the interaction between genistein
and the luciferase protein. In order to investigate whether genis-
tein and other compounds causing superinduction may act through
interacting with the luciferase enzyme thereby ultimately stabiliz-
ing the enzyme, increasing concentrations of genistein, estradiol
and resveratrol, another phytoestrogen that induces superinduc-
tion, were incubated with a known and constant concentration of
pure firefly luciferase protein. The firefly luminescence read-out
was dose-dependent with an inhibition of the enzymatic reac-
tion at concentrations above 1M for genistein and resveratrol
(Fig. 8A), whereas bioluminescence was unaffected by estradiol
(Fig. 8B).

4. Discussion

In recent years, several in vitro assays have been developed to
assess estrogenic activity of chemicals and naturally occurring com-
pounds. From those, several reporter gene assays showed higher
transactivation activities, or induction of the reporter gene, for
genistein compared to E2. This effect was often called superago-
nism or superinduction, and, although the mechanism underlying
the phenomenon is still unrevealed, it is often suggested that it
might be biologically relevant [9]. The present study investigated
possible mechanisms behind this superinduction thereby at the
same time addressing its biological importance.

The first hypothesis tested the possibility that the induction of
the reporter gene was not ER-mediated. Hence, using the ERa-
U20S-Luc cell line, cells were exposed to E2 and genistein in the
absence and presence of potent ERa antagonists (ICI 182,780 or
RU58668). Using a concentration of the ERa antagonist that fully
blocks luciferase induction mediated by E2-ERa (5 nM), the induc-
tion of luciferase was only blocked at low genistein concentration
while at high concentrations, this was only possible with increased
antagonist concentration (100 nM). The same effect was obtained
when using the T47D-Luc cell line, another luciferase reporter gene
assay based on a cell line that expresses endogenous ERa. There-
fore, it is concluded that induction of luciferase is ER-mediated.
The different sensitivity of the two phases of luciferase induction
by genistein suggests that both processes, although apparently
both dependent on ERa mediated luciferase induction, proceed
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Fig. 8. Genistein and resveratrol inhibit firefly luciferase activity. (A) Firefly
luciferase activity after co-incubation with increasing concentrations of genistein
(m) or resveratrol (* ) or (B) with estradiol. Data points represent the mean of
triplicate exposure + standard deviation. The dashed line indicates from what con-
centration onwards genistein concentrations superinduction is observed.

by mechanisms that are at least in part dissimilar and displaying
different affinities for genistein.

On the other hand, genistein induces superinduction of the
reporter gene in the U20S-Luc and T47D-Luc cell lines that is not
reflected at cell proliferation level. No “superproliferation” was
observed in the T47D cell line. This shows that the phenomenon
of superinduction is not reflected in this biologically relevant end-
point.

The next hypothesis tested, was whether the superinduction
was not due to genistein but to an in vitro formed metabolite.
This hypothesis originated from the observation that a metabolite
was formed at the genistein concentration where superinduc-
tion is maximal. The biological activities observed in in vitro or
in vivo studies are often assumed to originate from the parent
compounds that are examined, although these may have been
subject to biotransformation into one or more structurally differ-
ent compounds [23,24]. A number of genistein metabolites have
been identified [25-27] but most of them have been shown to be
less estrogenic than genistein [28,29]. The data presented in this
study showed metabolite formation at high genistein concentra-
tions, starting at 0.5 M and strongly increasing at concentrations
upto5 uM, in the in vitro tests using U20S and T47D cells. Orobol, or
5,7,3',4'-tetrahydroxyisoflavone, was identified as a main oxidative
metabolite, which is in agreement with previously reported data
that hydroxylated metabolites of genistein are the most abundant
metabolites in vitro [30] and that the primary oxidative metabolite
of genistein is orobol [20,25].

Therefore, genistein and orobol were tested in the ERa-U20S-
Luc cells, but also in a metabolically inactive yeast estrogen
bioassay which uses another reporter gene than luciferase, namely
enhanced green fluorescence protein. Additionally, genistein and
orobol were measured in another yeast estrogen bioassay using
[B-galactosidase as a reporter gene. Both compounds were able to
show a dose-response curve in the yeast based estrogen bioassays,
but neither genistein nor orobol was able to show the superin-
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duction as observed in the ERa-U20S-Luc and T47D-Luc assays.
In addition, it was shown that also orobol induced superinduction
in the ERa-U20S-Luc. As orobol does not give rise to higher maxi-
mal induction of the reporter genes than genistein, and especially
because orobol is less potent than genistein, it can be concluded
that orobol is not responsible for the observed superinduction by
genistein.

Overall, superinduction by genistein and orobol is especially
observed in the luciferase reporter gene assays, and more impor-
tantly reporter gene assays using luciferase from firefly as the
reporter protein [8-12].

The data obtained can also be used to disregard another hypoth-
esis for the superinduction. We show that the superinduction is not
likely to be due to the up-regulation of the ER, as there was no dif-
ference between the ERa-U20S-Luc and T47D-Luc. The T47D-Luc
assay uses the endogenous expressed ER which could in theory be
up-regulated by normal physiological mechanisms, while the yeast
and U20S cells use a receptor construct that induces a strong and
constitutive expression of the human ERa.

Therefore, the next step was to actually verify whether or not the
increased firefly luciferase activity was a true reflection of increased
transcriptional activity. Therefore, mRNA expression of the fire-
fly luciferase gene was measured in ERa-U20S-Luc cells after 6
and 24 h exposures to E2 and genistein. After 6 h exposure, the
maximum induction of firefly luciferase at the transcript level was
significantly higher for estradiol than for genistein-treated cells.
At 12 pM E2 luciferase mRNA levels were about 3-fold higher than
at 5 uM genistein, a concentration shown before to result in clear
superinduction when quantified on the basis of luciferase reporter
gene activity. At 24 h, the time of bioluminescent luciferase activ-
ity measurements in the ERa-U20S-Luc reporter gene assay, very
low induction levels of luciferase transcription were remaining.
These data indicated that the superinduction detected by measur-
ing luciferase activity is not a reflection of real mRNA induction
and should more likely be ascribed to a phenomenon that leads
to prolonged enzyme activity without the need for increased tran-
scription levels. Therefore, we tested the potential of genistein to
act as a stabilizer of the luciferase reporter enzyme.

We evaluated the possible direct interaction of genistein with
the reporter enzyme leading to stabilization (decreased degrada-
tion) of the enzyme. It has been proposed that certain compounds
directly bind to, and stabilize, the firefly luciferase reporter enzyme
thereby increasing its half-life [31-33]. The interaction between
the bioactive chemicals and the luciferase results in inhibition of
the enzyme activity at the same time resulting in stabilization of
the enzyme [34,35]. These luciferase-stabilizing compounds are
referred to in the literature as luciferase inhibitors [35]. An accu-
mulation of stabilized luciferase reporter enzyme will enhance
the observed bioluminescence activity. Superinduction effects have
been reported for other estrogenic compounds, e.g. the flavonoid
resveratrol, and in all cases, this was specifically reported in
firefly luciferase cell-based assays [9,36,37]. Thus, in a cell-free
biochemical assay, the possible interaction between genistein,
E2 and resveratrol with firefly luciferase was investigated. We
observed that resveratrol and genistein but not estradiol can specif-
ically inhibit the bioluminescent enzymatic reaction of the firefly
luciferase. Inhibition of the bioluminescence has been suggested to
result from direct competitive inhibition of the enzymatic reaction
[32]. It can be expected that upon rupture of the cells the inhibitor
will dissociate leading to increased activity of the luciferase enzyme
due to this stabilizing effect. Thus, genistein at concentrations
above 1M may interact with luciferase thereby stabilizing the
enzyme so that upon lysis of the cells and dissociation of genis-
tein from the enzyme due to dilution, increased activity can be
measured as compared to the situation without an added stabi-
lizer/inhibitor. It has been recently shown, that a series of bioactive

compounds, that inhibit and thereby stabilize the firefly luciferase
enzyme will result in an increased luminescence signal [34].

In conclusion, the data presented in this study strongly indicate
that the superinduction caused by genistein can be ascribed to sta-
bilization of the firefly luciferase reporter enzyme increasing the
bioluminescent signal during the cell-based assay. This indicates
that the phenomenon may not be biologically relevant but may
rather represent a post-transcriptional effect on enzyme stability.
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