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Stellingen

1. Met behulp van de nieuwe in vitro en in vivoe reporter gen assays, dic kunnen worden
ingezet voor het snel’ determineren van de aanwezigheid van biologisch-actieve
oestrogene stoffen, is aangetoond dat op enkele plaatsen in het Nederlandse
aquatische miliew al niveaus van (xeno-) oestrogenen voorkomen, die zeer
waarschijnlijk ongewenste effecten op de voortplanting van vissen zouden kunnen
vergorzaken. {dit proefschrift)

2. Terwijl persistente stoffen in vive hogere oestrogene activiteit vertonen dan voorspeld
wordt met ir vitro bioassays, kan de oestrogene potentie van snel metaboliseerbare
stoffen mogelijk overschat worden door in vitro bivassays. (dit proefschrifti

3. De synergistische effecten van gecombineerde blootstelling aan de pesticiden
paraquat en maneb op het dopamine systeem in de hersenen van de rat kan betekenen,
dat biootstelling aan mengsels van pesticiden een bijdrage zou kunnen leveren aan het
ontstaan van de ziekte van Parkinson. (Thiruchelvam, M. et al. (2000) J. Neuroscience, 20,
9207-9214)

4, Subticle ecologische-relevante effecten, zoals verlengde metamorfose bij kikkers
door PCB-blootstelling, worden niet aangetoond met klassieke toxicologische
toetsten. (naar: Gutleb, A.C. et al. (1999} Environ. Toxicol. Pharmacol. 8, 1-14)

S. De aanwezigheid van lage niveans van farmaceutica in het milieu is zorgwekkend,
omdat deze stoffen continu terechtkomen in appervlaktewater via rioolwaterzuivering
efflutnten en bovendien zeer weinig bekend is over de aquatische toxiciteit van deze
stoffen. (Daughton, C.G. and Ternes, T.A. (1999) Environ. Health Perspect., 107, 907-938)

6. Met haar plannen om de fok van zogenaamde “agressieve” hondensoorten te
verbieden legt de Nederlandse overheid de verantwoordelijikheid voor deze
problematiek bij de hond in plaats van bij de eigenaar.

7. De werkelijke morele beproeving van de mens, de meest essentiéle (zo diep
opgeborgen dat die zich aan onze blik onttrekt), berust op zijn verhouding tot wie aan
hem zijn overgeleverd: de dieren. (Kundera, M. (1983) “De ondraaglijke lichtheid van het

bestaan™)

8. Buitenlanders zouden het beste in Nederland kunnen integreren door drie dingen te
leren: de Nederlandse taal, fietsen en vergaderen. (naar: Van Vree, W. (1994)
"Nederland als vergaderland”)

Stellingen behorend bij het proefschrift “Development and application of in vitro and in vivo reporter
gene assays for the assessment of (xeno-)estrogenic compounds in the aguatic environment” door
Juliette Legler, Wageningen, 27 februari 2001.



Propositions

1. Application of the newly developed in vifro and in vive reporter gene assays, which
can be used to rapidly determine the presence of biologically-active estrogenic
compounds, has shown that in some localised areas in the Dutch aquatic environment,
fish may be exposed to (xeno-)estrogens at levels that may impact their reproductive
success. (this dissertation)

2. While persistent compounds may be more estrogenic in vivo than predicted by in
vitro assays, the estrogenic potency of rapidly metabolised compounds may be
overestimated by in vitro assays. (this dissertation)

3. The synergistic effects of combined exposure to the pesticides paraquat and maneb on
the brain dopaminergic system in the rat suggests that exposure to mixtures of
pesticides may piay a role in the development of Parkinson’s disease. (Thiruchelvam,
M et al. (2000) J Newroscience, 20, 9207-9214)

4. Subtle, ecologically relevant effects, such as prolonged metamorphosis in PCB-
exposed frogs, are not detected with classical toxicological tests. (based on: Gutleb,
A.C. etal (1999) Environ. Toxicol Pharmacol. 8, 1-14)

5. The presence of low levels of pharmaceuticals in the environment is alarming, as
these compounds are continually introduced to surface waters via sewage treatment
effluent and very little is known of their aquatic toxicity. (Daughton, C.G. and Ternes,
T.A. (1999) Environ. Health Perspect., 107, 907-938)

6. By outlawing the breeding of so-called “aggressive” dog-breeds, the Dutch
government is placing the burden of responsibility for this issuc upon the dog instead
of the owner.

7. Mankind's true moral test, its fundamental test (which lies deeply buried from view),
consists of its attitade towards those who are at its mercy: animals. (Kundera, M.
(1983) “The unbearable lightness of being”)

S Foreigners would integrate best in The Netherlands by learning three things: the
Duich language, bicycling, and “meeting” skills. (based on: Var Vree, W. (1994) “The
Netherlands as a meeting-place”’)

Propositions belonging to the PhD) dissertation “Development and application of in vitro and in vive
reporter gene assays for the assessment of (xeno-)estrogenic compounds in the aquatic environment”
by Juliette Legler, Wageningen, February 27, 2001,
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Chapter 1

General Introduction

The research presented in this thesis describes the development of new bioassays to determine
the exposure to and early effects of substances with an estrogenic mode of action. An in vitro
reporter gene assay using a human breast cancer cell line, and an in vive reporter gene assay
using stably transformed (transgenic) zebrafish, were developed. Special emphasis was placed
on application of the assays to environmental mixtures to monitor levels of biologically active
estrogenic substances in the aquatic ecosystem.




Chapter 1

Endocrine disruption: a “stolen future” for humans and wildlife?

In 1992, Carlsen, Skakkebaek and colleagues published a controversial study
reporting that a significant, worldwide decrease in sperm quality has occurred over the past 50
years. In addition to decreased sperm counts, increased incidence of testicular cancer and
cryptorchidism were reported (Giwercman et al., 1993). Evidence in wildlife species that
deleterious effects on male reproductive heafth were occurring also mounted. In Florida
panthers, males were found with low sperm counts and cryptorchidism (Facemire et al,
1995). Male alligators in Lake Apopka in Florida demonstrated an array of reproductive
abnormalities, including reduced penis size, abnormal testis morphology and abnormal
testicular steroidogenesis (Guillette ef @l, 1994). In seagulls, altered sex ratio and
feminization of sexual behaviour in males was observed (Fry and Toone, 1981). Wild male
fish captured in waters receiving sewage cffluents showed feminized gonads and preduction
of a yolk protein, which normally is produced in females (see below). These alarming reports
lead to the hypothesis that declines in sperm counts and related disorders of the male
reproductive system in both humans and wildlife could have arisen because of exposure of the
developing fetus or during neonatal life to estrogens (Sharpe and Skakkebebaek, 1993;
Colborn et al., 1993). One potential source of increased estrogen exposure was via chemicals
in the environment that can mimic natural estrogens, the so-called xeno-estrogens. The term
“endocrine disruption” was born, Endocrine disruption has been officially defined as process
by which an exogenous substance “causes adverse health effects in an intact organism or its
progeny consequent to changes in endocrine function” (European Commission, 1996). This
wide definition includes not only the estrogenic substances, but also all substances that can
effect endocrine function via interference with hormone (e.g. androgen, thyroid, retinoid or
progesterone) pathways.

The reports of endocrine disruption in humans and wildlife {recently reviewed by
Golden et al., 1998; Tyler et al., 1998; Vos et al., 1999) did not go unnoticed by the media
and resulted in a shock-wave of concern in the general public. Numerous newspaper articles
as well as television reports (e.g. the BBC documentary “Assault on the Male” in 1993) raised
public awareness, culminating in 1996 with the publication of the book “Our Stolen Future”
by Colbom and colleagues. In response to the heightened public concern, research efforts
were launched internationally to test the hypothesis that environmental chemicals can disrupt
male reproductive function. In fact, very little evidence actually existed to unequivocally
demonstrate that environmental substances can interfere with endocrine processes, with the
exception of the effects of DES on male offspring (reviewed by Cheek and Maclachan, 1998).
Regulatory agencies worldwide, including the European Chemical Industry Council (CEFIC),
the Organization of Economic Cooperation and Development (OECD) and the U.S.
Environmental Protection Agency, launched ambitious programs to test existing and new
chemicals for their potential to disrupt endocrine systems. In The Netherlands, The Health
Council published advisory reports on the effects of endocrine-disrupting chemicals in
humans (Health Council, 1997) and ecosystems (Health Council, 1999), and a Netherlands
Research Platform on Endocrine-Disrupting Compounds (Vethaak et al., 2000a) was initiated.
One general theme has arisen from these regulatory initiatives; there is a definite need for the
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General Introduction

development of rapid new biologically relevant methods to test chemicals for endocrine-
disrupting potential (see below).

Evidence of estrogenic substances in the aquatic environment

One of the most convincing lines of evidence for endocrine disruption stems from
effects observed in the aquatic environment. In wild fish populations, intersex (defined as the
simultaneous presence of both male and female gonadal characteristics) and testis
abnormalities have been found in a high proportion of male fish sampled in rivers, estuaries
and coastal waters in the UK. (Jobling et al., 1998; Lye et 4l., 1997; Allen et al., 1999) as
well as in localized freshwater sites in The Netherlands (Vethaak, 2000). The observed effects
on male fish gonads have been associated with exposure to environmental levels of natural,
synthetic and xenobiotic chemicals {(collectively, “(xeno-)estrogens™ in the aquatic
environment that can mimic the action of the female hormone estrogen, thereby disturbing
endocrine balance and causing feminising effects in the developing male gonads.
Accordingly, male rainbow trout maintained in waters receiving wastewater treatment plant
{WTP) effluents synthesized high levels of the estrogen-inducible yolk precursor protein
vitellegenin (VTG) (Purdom ez al., 1994; Harries et al.,, 1996) and had smaller testis than
those of fish collected from reference sites (Harries ef al,, 1997). Laboratory exposure to
{(xeno-)estrogenic compounds has resulted in induced VTG (Jobling et al., 1996; Routledge et
al., 1998), inhibited testicular growth (Jobling et al., 1996, Panter er al., 1998), testis
abnormalities (Miles-Richardson ef al,, 1999) and formation of intersex gonads (Gimeno ef
al., 1996; Gray and Metcalfe 1997), suggesting that indeed feminization of fish in the wild
may be caused by (xeno-)estrogens.

Role of estrogens in mammalian and fish physiology

Estrogens are steroid hormones made primarily in the female ovaries. Estrogens are
found in greater amounts in females than males and are thus referred to as the female
hormones. In ail vertebrates, estrogens play an important role in many reproductive and
developmental processes as they influence growth, development and behaviour (puberty),
regulate reproductive cycles (menstruation, pregnancy) and affect many other body parts
(bones, skin, arteries, the brain). Recently, estrogens have been shown to be essential for male
fertility as well (Hess et al., 1997). 1 7B-estradiol (E2; structure pictured in Figure 1) is the
major endogenous estrogen.

In fish, steroid hormones are important for the sexual differentiation of the gonads,
though the mechanisms by which sexual development is controlled have not been clearly
etucidated. The critical role of steroids is suggested by the observation that the expected
sexual phenotype (based on genotype) can be reversed by the administration of exogenous
androgens or estrogens during the labile period of sexual development. Indeed, the
administration of estrogens during the sexual differentiation of male fish results in varying
degrees of intersex in a variety of fish species (Yamamoto, 1969; Hunter and Donaldson,
1983). In addition to their role in influencing sexual differentiation, estrogens play a crucial
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Chapter 1

role in the synthesis of the yolk-precursor protein vitellogenin in fish. Increasing E2
concentrations during sexual maturation of female fish stimulates the synthesis of vitellogenin
by the liver, which in turn is take up growing ooctyes and stored as yolk (Sumpter and
Jabling, 1995).

17p-estradiol

Wv@_nu

4-nonylphenol o,p’DDT

[ =) 4]
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F . :
\/(/\/ m m

Di(2-Ethylhexyl) phthalate Bisphenol A

Figure 1: Structures of natural, synthetic and xenobiotic estrogenic chemicals.

Cellular mechanism of action of estrogens

Estrogens are transported through the blood mainly bound to sex hormone binding
globulins. Free, non-bound estrogens can exert their action through diffusing through cell
membranes and binding estrogen receptors (ER). In addition to the two known ER subtypes
(ERa and ERf3), recently a third form was identified in the marine fish Atlantic croaker (ERy;
Hawkins ez al., 2000). These three ER subtypes differ in amino acid sequence, as well as
tissue distribution, ligand binding affinities and transactivation properties. ERs are found in
many tissues, including reproductive organs and accessory sex organs, brain, bone and liver.
Inactive ERs exist in large complexes associated with heat shock proteins (Figure 2). Upon
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General Introduction

binding of estrogens to the ER, the heat shock proteins disasscciate, inducing a
conformational change that activates the receptor. Following dimerization of two ER-ligand
complexes, binding to estrogen response elements (ERE) of genes in the nucleus takes place.
This binding stabilises the binding of transcription factors involved in gene activation and
transcription (Figure 2). Gene transcription can be modified by cellular coactivators,
repressors and modulators (Stoney, 1996). Following transcription, mRNA is translated into
protein by ribosomes. By inducing the synthesis of new proteins that alter cellular functions,
estrogens can have profound effects on cell function and physiology (Ing and O’Malley,
1995).

Inactive receptor
20

hormone. .
n Binding to DNA
[ |
"t @@
HRE TATA
Activated Dimerization l

Receptor

e Transactivation

HRE TATA -
@ l Transcription
e @@,
\ AN 4‘
TATA
CYTOPLASM NUCLEUS

Figure 2: The mechanism of steroid hormone recepior action in the cell. Inaciive
receptors are associated with heat shock proteins (hsp). Hormones freely enter the cell and
bind to inactive receptor, inducing hsp dissociation and conformational change. Activated
dimers bind to harmone response elements {HRE) of genes in the nucleus. Transcriptional
factors {B,D,E,F) and RNA polymerase Il (Pol Il) are recruited for transcription. Messenger
RNA is subsequenlly translated into proteins. These new proteins may alter cell function and
physiology (adapted from Ing and O’Maliley, 1995).
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Chapter !

Natural, synthetic and xeno-estrogens

In addition to the endogenous estrogens such as estradiol, estrone and estriol, other
compounds found in the environment can mimic estrogens by binding to estrogen receptors
and influence estrogen signalling pathways. These compounds include natural chemicals such
as the mycoestrogens and phytoestrogens, as well as synthetic estrogens such as the anti-
conception pill component ethynylestradiol (pictured in Figure 1) and a number of xenobiotic
chemicals {xeno-estrogens). Some examples of xeno-estrogenic compounds are given in
Figure 1, and include the organochlorine pesticide o,p’DDT, the industrial surfactant 4-
nonylphenol, plasticizers such as di-(2-ethylhexyl)phthalate (DEHFP) and Bisphenol A, a
compound used in the manufacture of polycarbonate. Some compounds have also been
identified with an anti-estrogenic mode of action; that is, they can block, prevent and/or alter
binding to estrogen receptors. More detailed lists of phyto- and mycoestrogens, as well as
suspected xeno-estrogenic chemicals are provided in Colborn et al., 1993 and Tyler et of.,
1998. Recently, the Health Council of The Netherlands reported 34 groups of (xeno-)
estrogenic chemicals as potential hormone disruptors which may form a risk for ecosystem
health in the Netherlands (Health Council, 1999).

Bioassays for the detection of biologically active (xeno-)estrogens

The large difference in chemical structures of xeno-estrogenic compounds makes
prediction of estrogenic activity based on structure difficult. However, xeno-estrogens share a
common mechanism of action, namely binding to the estrogen receptor and induction of the
ER signal transduction pathway. They also share a common esirogen-mediated biclogical
effect in an intact organism, such as feminization of male gonads or effects on reproduction.
Biological test systems or “bicassays™ which make use of this common mechanism of action
can provide a very useful means of measuring the biclogical potency of a suspected (xeno-)
estrogen or mixture of xenc-estrogens.

A number of in vitro biocassays have been developed to screen substances for (anti-)
estrogenicity, including competitive ligand binding assays, cell proliferation assays,
recombinant receptor/reporter gene assays (see review by Zacharewski, 1997). However,
most of these assays suffer from a number of drawbacks that limit their usefulness as a screen
for (anti-)estrogenic activity (Zacharewski, 1997). However, recombinant reporter gene
assays based on stably transfected cell lines can provide one of the most specific, responsive
and biologically relevant means to screen substances for potential anti-estrogenic as well as
estrogenic effects with a high throughput potential. This type of assay is based on the
receptor-mediated mechanism of action of estrogens and reporter gene expression is a
culmination of the molecular cascade of events involved in receptor transactivation. The
stably transfected Ah receptor-mediated CALUX (chemical activated luciferase pene
expression) assay is an example of an in vitro reporter gene assay that has been developed as
a sensitive and rapid method to determine the potency of individual congeners and mixtures
of diexin-like compounds in environmental matrices (Murk ef al., 1996).

14




General Introduction

Despite the usefulness of in vitre reporter gene assays as tools to rapidly identify
(mixtures of) substances with estrogenic potency, prediction of effects of a suspected estrogen
in an intact organism is difficult. This is a consequence of the lack of toxicokinetics in the in
vitro system. For this reason, the use of in vivo bioassays has been widely recommended to
determine the biological effects of (xeno-)estrogenic compounds (Kavlock er al, 1996;
Ankley ef af, 1998). To assess effects of (xeno-)estrogenic compounds in the aquatic
ecosystems, the use of bicassays with fish are watranted. Ir vive bioassays with teleost fish,
including short-term lethality, early life-stage and partial and full lifecycle studies, are
already required for regulation purposes by various national and international regulatory
agencies, such as the Organization of Economic Cooperation and Development, Because
these bioassays can be relatively non-specific in terms of an estrogenic mechanism of action,
a number of test systems have been developed to more specifically detect estrogen disrupting
chemicals. These included vitellogenin induction, binding of chemicals to fish receptors, or
alterations in sexual differentiation (reviewed by Ankley et al, 1998). Some of the
disadvantages of these estrogen-specific assays is that they require species-specific antibody
development (in the case of vitellogenin), long term exposure regimes, or histopathological
expertise. No in vivo bioassays exist to rapidly determine the exposure and effects of (xeno-)
estrogens in sensitive target tissues and critical life stages of fish.

Outline of thesis

The aim of the research described in this thesis is to develop and apply novel
bioassays to rapidly detect chemicals with an estrogenic mode of action. These bicassays
were developed to determine the presence of biologically active (xeno-)estrogens in the
environment and the estrogenic effects of such exposure on aquatic organisms. Two new
bioassays were developed: an in vitro estrogen receptor-mediated chemical activated
luciferase gene expression (ER-CALUX) assay, and an in vive reporter gene assay using
transgenic zebrafish. In both assays, an estrogen-responsive luciferase reporter gene has been
stably introduced. Exposure of cells or transgenic zebrafish to (xeno-)estrogens which have
an estrogenic mode of action results in reporter gene induction which can be easily measured
in cell/tissue lysates.

The development of the ER-CALUX assay is described in Chapter 2. The
characterization of the ER-CALUX assay using a range of natural, synthetic and xeno-
estrogens is shown in Chapter 2-4. Complex mixtures of (xeno-)estrogens as present in
sediments (Chapter 3 and 4), water and biota {Chapter 4) and WTP effluent (Chapter 6) from
various locations in The Netherlands were tested for total biologically active estrogenic
potency. In addition, the ER-CALUX assay was applied to determine estrogenic potency of
{metabolites of) human urine and male fish bile as a possible biomarker for internal dose of
{xenc-)estrogens (Chapter 4).

The development of the transgenic zebrafish assay as a rapid in vivo test system for
(xeno-)estrogens is described in Chapter 5. The zebrafish, Danio rerio, was chosen as a model
fish species because it has been widely used for toxicological research for decades (reviewed
in Laane et al., 1977; Lele and Krone, 1996). This small tropical cyprinid was ideal for this

15



Chapter 1

study because it has a short life cycle and provides large number of eggs. In addition, the
genetics underlying zebrafish development and reproduction have been well documented
(reviewed by Haffter and Nusslein-Volhard, 1996). Transgenic zebrafish had been already
produced at the moment of start of this project (Stuart er al., 1988, reviewed in Lele and
Krone, 1996, for recent reviews, see Jowett, 1999, Meng ef al., 1999), although the technique
was still poorly developed. In order to determine critical life stages and sensitive target tissues
in (xeno-)estrogen responsive transgenic zebrafish, luciferase reporter gene induction was
studied in various stages of development as well as in tissues of adult zebrafish following
short term (xeno-)estrogenic exposure (Chapter 5). In addition, the expression of ER o and B
mRNA during developmental stages and in various tissuwes was studied and related to
luciferase induction (Chapter 5).

In Chapter 6, both the ER-CALUX assay and transgenic zebrafish assay were applied
to determine estrogenic potency in WTP effluents, as well as a small panel of (xeno-}
estrogens. The differences in response to (mixtures of) (xeno-)estrogens between the in vitro
and in vivo assay were elucidated and discussed (Chapter 6).

In Chapter 7, the perspectives for the use of the newly developed bioassays in the
field of environmental toxicology are discussed. The possible impacts of current levels of
{xeno-)estrogens in the Dutch aquatic environment as measured with the newly developed
bioassays are also discussed.

16




Chapter 2

Development of a stably transfected
estrogen receptor-mediated

luciferase reporter gene assay

in the human T47D breast cancer cell line

Toxicological Sciences 48, 55-66, 1999

Juliette Legler', Christine E. van den Brink®, Abraham Brouwer', Albertinka J. Murk’, Paul T.
van der Saag®, A. Dick Vethaak® and Bart van der Burg®

'Division of Toxicology, Wageningen University, The Netherlands, “Hubrecht Laboratory, Netherlands
Institute for Developmental Biology, Utrecht, The Netherlands, *Ministry of Transport, Public Works

and Water Management, National Institute for Coastal and Marine Management, Middelburg, The
Netherlands
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Chapter 2

Abstract

Development of an estrogen receptor-mediated chemical activated luciferase reporter gene
expression (ER-CALUX) assay was attempted by stable transfection of luciferase reporter
genes in a number of cell lines. Stable transfection of the chimeric Gal4 estrogen receptor and
luciferase gene constructs in MCF-7 breast cancer and Hepa.lclc? mouse hepatoma cell
lines, as well as transfection of a newly constructed luciferase reporter gene pEREtata-Luc in
the ECC-1 human endometrial cell line, resulted in constitutive, non-estradiol inducible
clones. Stable transfection of pEREtata-Luc in the T47D breast cancer cell line, however,
resulted in an extremely sensitive, highly responsive cell line. Following 24 hour exposure to
estradiol (E2), stably transfected T47D.Luc cells demonstrated a detection limit of 0.5 pM, an
EC50 of 6 pM and a maximum induction of 100-fold relative to solvent controls. No clear
reduction in responsiveness has been found over extended culture periods (50 passages). Anti-
estrogens ICI 182,780, TCDD and tamoxifen inhibited the estradiol-mediated luciferase
induction. Genistein, nonylphenol and o,p’DDT were the most potent (pseudo-)estrogens
tested in this system (EC50 100, 260 and 620 nM, resp.). Determination of interactive effects
of the (pseudo-)estrogens nonylphenol, o,p’DDT, chlordane, endosulfan, dieldrin and
methoxychlor revealed that, in combination with 3 pM E2, pseudo-estrogens were additive,
Slightly more than additive effects (less than 2-fold) were found for combinations of dieldrin
and endosulfan tested in the range of 3 to 6 pM. At these concentrations, the combination of
endosulfan and chlordane demonstrated additive interaction. The ER-CALUX assay with
T47D cells can provide a sensitive, responsive and rapid in vifro system to detect and measure
substances with potential (anti-)estrogenic activity.

Introduction

An increasing number of reports that chemicals in the environment may mimic the natural
hormone estrogen, thereby disrupting normal endocrine function, have raised public concern
and resulted in a rapidly growing research effort. It has been hypothesized that increased
incidence of hormone-sensitive cancers, decreased sperm counts in humans and compromised
gonadal functionality in wildlife may be due to exposure to substances possessing estrogenic
activity (reviewed by Colborn et al., 1993). An ever-growing list of environmental, industrial,
natural and pharmaceutical chemicals have been identified as potentially estrogenic. Many of
these chemicals, defined as “estrogenic™, have structures that deviate considerably from the
natural steroid hormone 17B-estradiol, but can nevertheless evoke effects via the estrogen
receptor signal transduction pathway. The effects of estrogens are mediated via binding with
high affinity to a specific estrogen receptor (ER), a member of the nuclear receptor
superfamily (Evans, 1988). In addition to the “classical” ERo form, recently a second ER
form (ERp) has been identified that has high homelogy with ERa but shows a different tissue
distribution, ligand binding potential and trancriptional activity (Mosselman er al., 1996;
Kuiper et al., 1996; 1997; 1998). Estrogen freely enters the cell and binds to the ER, inducing
heat shock protein 90 dissociation and homodimerization (Figure 1). The homodimer complex
binds to specific DNA sequences called estrogen response elements (ERE) within regulatory
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Development of ER-CALUX assay

regions of estrogen-responsive genes. Transcription is induced and messenger RNA is
translated into protein. The synthesis of these new proteins can alter cellular functions and
result in profound effects on physiology (Ing and O'Malley, 1995). In females, estrogen is
essential for the development of secondary sex characteristics, the reproductive cycle, fertility
and maintenance of pregnancy. Recently, estrogens have been shown to be essential for male
fertility as well (Hess ef al., 1997).

- estrogens CELL

-. [ O OEstrogen Receptor

\ NUCLEUS
a O
> ERE ne
@ Translocation Binding to QD%A
Activated Dimerization ranscriptio

Receptor

pERE-tataLuc 2 CTRNA)
Aslationl

o0 = |

—

altered cell functions/physiology

Figure 1: Mechanism of estrogen action in stably transfected T47D.Luc cells. (Pseudo-)
estrogens enter the cell and bind to and activate the estrogen receptor (ER). Following
dimerization, the ER-figand dimer transiocates fo the cell nucleus and binds to estrogen
response elements (ERE) upstream of genes or present on pEREtata-Luc construct.
Transcription and translation of proteins {including luciferase) is induced.

A number of in vitro assays have been developed to screen substances for (anti-)estrogeni-
city (see review by Zacharewski, 1997). These assays include competitive ligand binding
assays (Korach et al., 1978; Berthois et al., 1986; Migliaccio et al., 1992), cell proliferation
assays (Soto er al., 1995), recombinant receptor/reporter gene assays (Pons ef al., 1990,
Jausons-Loffreda et al., 1994) and yeast-based screens for estrogens {Connor ef al., 1995,
Amold et al., 1996; Routledge and Sumpter, 1997). However, most of these assays suffer
from a aumber of drawbacks that limit their usefulness as a screen for (anti-Jestrogenicity.
Competitive ligand binding assays for the estrogen receptor are [imited because they cannot
distinguish between estrogenic and anti-estrogenic substances and do not provide insight into
a substance’s ability to initiate the molecular cascade of events leading to altered gene expres-
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sion. Cell proliferation assays are limited by a lack of specificity as mitogens other than
estrogens are able to influence the proliferation of human breast cancer cells (van der Burg et
al., 1988; Dickson and Lippman, 1995). Yeast-based assays are simple and sensitive, however
drawbacks include lack of responsiveness to anti-estrogens (Lyttle er ol., 1992; Kohno et al.,
1994) as well as possible differences in permeability of compounds through the yeast cell wall
relative to mammalian cell membranes.

In comparison to other existing in vitro assays, we believe recombinant receptar and
reporter gene assays based on stably transfected cell lines can provide one of the most speci-
fic, responsive and biologically relevant means to screen substances for potential anti-estro-
genic as well as estrogenic effects with a high throughput potential. This type of assay is
based on the receptor-mediated mechanism of action of estrogens and reporter gene expres-
sion is a culmination of molecular cascade of events involved in receptor transactivation. To
our knowledge, only two estrogen-responsive cell lines stably transfected with recombinant
receptor and/or reporter genes have previously been developed. Pons and coworkers devel-
oped a MCF-7 cell line stably transfected with the pVit-tk-Luc construct which consists of the
Xenopus laevis vitellogenin A2 promoter region containing one estrogen response element
upstream of the Herpes simplex virus thymidine kinase promoter controlling expression of the
firefly luciferase gene (Pons ef al, 1990). A HeLa cell line stably transfected with a Gald-
regulated chimeric estrogen receptor and luciferase reporter gene constructs has also been
developed (Jausons-Loffreda ef al., 1994). In both stably fransfected cell lines, however, only
modest sensitivity and responsiveness to estradiol has been reported.

Recently in our laboratories, stably transfected CALUX (chemical activated luciferase
gene expression) cell line assays have been developed as a sensitive and rapid method to
determine the potency of individual congeners and mixtures of dioxin-like compounds (Aarts
et ql., 1995; Garrison et al., 1996; Murk et al., 1996). These cell lines express endogenous
aryl hydrocarbon (Ah) receptor and are stably transfected with a dioxin-responsive luciferase
reperter gene. In the present study we attempted to develop new, highly responsive stably
transfected estrogen receptor-mediated ER-CALUX cell lines for the assessment of (anti-
Jestrogenic substances. ECC-1 human endometrial carcinoma and T47D human breast adeno-
carcinoma cells expressing endogenous estrogen receptor were stably transfected with a
newly constructed estrogen-responsive luciferase reporter gene, pEREtata-Luc. This construct
consists of three estrogen response elements upstream of a TATA box regulating expression
of an enhanced luciferase reporter gene construct. Hepa.1c1¢7 mouse hepatoma and MCF-7
human breast adenocarcinoma cells were stably transfected with the chimeric receptor and
reporter gene constructs Gal4-HEGO and 17m5-G-Luc. Stable transfection of pEREtata-Luc
in T47D cells resulted in a sensitive, highly responsive clone which was further characterized

in dose-response studies with estradiol as well as some known estrogenic and anti-estrogenic
substances.

20




Development of ER-CALUX assay

Materials and Methods

Chemicals

17B-estradiol (E2, 99%), methoxychlor (95%), tamoxifen (99%), genistein (99%), al-trans
retinoic acid and ethanol (100%, p.a.) were purchased from Sigma Chemicals Co. 4-
nonylphenol (92.7%) was purchased from Fluka. Bisphenol A (99%) was purchased from
Aldrich, Chlordane (97.7%), endosulfan (99%) and dieldrin (98.5%) were purchased from
Riedel-de Haan, The Netherlands. ICI 182, 780 was a kind gift from Dr. A. Wakeling,
Zeneca Pharmaceuticals, UK. o,p’DDT and tetrachlorodibenzo-p-dioxin {TCDD) were
kindly provided by the Dutch State Institute for Quality Control of Agricultural Products
(RIKILT-DLO}). The synthetic progestin Org 2058 was a gift from Organon B.V., Oss, The
Netherlands. The synthetic androgen R1881 (methyitrienolone) was purchased from NEN
(Boston, U.S.A.) and kindly provided by Dr. A. Brinkman, Erasmus University, Rotterdam.
For exposure of cells, all chemicals were dissolved in ethanol or dimethyl sulfoxide (DMSO,
99.9%, spectrophotometric grade, Acros). Antibiotics used for selection of stable clones
(puromycin, hygromycin and G418) were purchased from Duchefa, The Netherlands.

Cell culture

The T47D human breast adenocarcinoma cell line was kindly provided by Dr. R.L. Suther-
land (Garvan Institute of Medical Research, Sydney, Australia). The T47D cells were cult-
ured in a 1:1 mixture of Dulbeccos’s modified Eagle’s medium and Ham’s F12 medium (DF,
Gibco) supplemented with sedium bicarbonate, non-essential amino acids, sodium pyruvate
and 7.5% fetal calf serum (FCS, Integro, Austria). T47D cells were cultured at 37°C, 7.5%
C0,. The ECC-1 human endometrial carcinoma cell line was a kind gift from Dr. P.G.
Stayaswaroop (Pennsylvania State University, U.S.A). ECC-1 cells were cultured in RPMI
{Gibco) supplemented with 1 ng/ml insulin and 5% FCS (Sigma). The MCF-7 human breast
cancer cell line was acquired from the American Type Culture Callection (ATCC, USA). The
Hepa 1c1c7 mouse hepatoma cell line was kindly provided by Dr. J.P. Whitlock, Jr. (Stanford
University, U.S.A.) The MCF-7 and Hepa cell lines were cultured according to Zacharewski
et al., 1995 in phenol red-free Dulbecco’s minimal essential medium (DMEM, Gibco) supple-
mented with 10% FCS. ECC-1, MCF-7 and Hepa cells were cultured at 37°C, 5% CO,.

For ER-CALUX assays, T47D, MCF-7 and Hepa cells were maintained in assay medium
without phenol red supplemented with 5% dextran-coated charcoal treated FCS (DCC-FCS).
DCC-FCS was prepared by heat inactivation (30 minutes at 56°C) of FCS followed by two
45-minute DCC treatments at 45°C as described by Horwitz and McGuire, 1978. ECC-1 cells
were assayed in RPMI with phenol red supplemented with 5% DCC-FCS.

Receptor and reporter gene constructs

The reporter gene pEREtata-Luc was constructed using the enhanced luciferase reporter
gene pGL3-basic (Promega, U.S.A)). Three tandem repeats of the consensus ERE oligo
(GAGCTTAGGTCACTGTGACCT) upstream of the minimal human E;B TATA promoter
sequence (GGGTATATAAT) were inserted in the Smal-Bgl II site of the multiple cloning
site of pGL3-basic (Figure 2).
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The Gal4-HEGO chimeric receptor and Gald-regulated luciferase reporter gene 17m5-G-
Luc were kindly provided by Prof. P. Chambon, INSERM U184, Strasbourg, France. Gal4-
HEGO consists of the ligand binding domain of the ER linked to the DNA binding domain (1-
147) of the yeast transcription factor Gal4 (Green et al., 1988). The plasmid 17m5-G-Luc
consists of luciferase cDNA regulated by the rabbit 3-globin basal promoter and five tandem
consensus Gald 17-mer response elements (Jausons-Loffreda ef al., 1994). For stable trans-
fection, a second 17m3 luciferase reporier gene (p17m5-G-neo-Luc) was constructed by
cloning the Pvul-EcoRV fragment of pMAMneo-Luc (ClonTech, U.S.A.} containing the
sequence for neomycin (G418) resistance in the Pvnl- EcoRYV sites of pl 7m5-G-Luc.

anp pEREtata-LUC
(5200 bps)

Figure 2: Schematic representation of the pEREtata-Luc construct. Three estrogen
response elements (ERE) upstream of a minimat E;B TATA promoter were inserted in the
multiple cloning site (MCS) of the enhanced luciferase {luc+) vector pGL3-basic.

For selection of stable transfected clones, the following selection plasmids were used: for
puromycin selection, pPur (ClonTech, U.S.A.); for hygromycin selection. pGK-Hyg (Te Riele
et al., 1990, and for G418 selection, pSV2-Neo (Hoglund et al., 1992),

Stable transfection

ECC-1, MCF-7 and Hepa.lclc7 cell lines

Six-sixteen hours prior to transfection, ECC-1, MCF-7 and Hepa.lclc? cells were seeded
at 50% confluency in three wells of a 6-well plate in 3 ml culture medium per well.
Transfection was carried out according to the caleium phosphate precipitation method
(Sambrook er al, 1989). In ECC-1 cells, 4.65 mg pEREtata-Luc and 4.65 mg pPur was
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transfected per well, using 250 ml Hepes-buffered solution (HBS, consisting of 42 mM
Hepes, 275 mM NaCl, 10 mM KC], 1.4 mM Na,HPO,, pH 7.05) and 250 ml 25¢ mM CaCl;
per well. For MCF-7 and Hepa cells, cells were transfected with either 0.6 mg pGal4HEGO, 3
mg pl7m5-G-Luc and 1.5 mg pSV2Neo or 0.6 mg pGal4HEGO and 3 mg pl7m5-G-neo-Luc.
After 24 hours, the cells were trypsinized and per well distributed over five 100 mm petri
dishes. Medium was replaced every three days with culture medium containing 1 mg/ml
puromycin {ECC-1 cells) or 1000 mg/ml G418 (MCF-7 and Hepa cells) until clones formed
which were large enough to isolate (about two to three weeks).

Luciferase positive clones were screened using a single photon detecting camera
(Argus 50, Hatamatsu) according to the method described by Pons ez al., 1990. Briefly, clones
in 100 mm dishes were exposed for 24 hours to 10 nM E2. Luciferin (0.3 mM) was added to
the culture medium and dishes were immediately introduced into the dark room of the single-
photon counting camera for luminescence measurement. Light intensity was monitored for 5
to 10 minutes per dish. The image of the luminescent cells was superimposed on to the light
field image of the dishes, enabling identification of positive clones. Positive clones were
isolated using cloning rings and further cultured in 24 well plates.

To test for luciferase induction, clones were trypsinized and seeded over 3 wells in a white
96-well viewplate (Packard) in assay medium. Following 24 hour incubation, cells were
exposed for 24 hours to control (0.5% DMSO), 10 nM E2 and 10 nM ICI 182,780. Cells
were rinsed twice with 50 ml 0.5x phosphate buffered saline (PBS). Low salt (LS) buffer
containing 10 mM Tris pH 7.8, 2 mM DTT, 2 mM 1,2 diaminocyclohexane-N,N,N’ N’-
tetraacetic acid was added at a volume of 20 m] per well. Following 10 minute incubation on
ice, 96 well plates were frozen at -80°C for 2 minimum of 30 minutes to Iyse cells. The plates
were thawed on ice and shaken for 5 minutes at room temperature. Luciferase activity was
measured in 96 well viewplates in a luminometer (Labsysterns Luminoscan RS) with
automatic injection of 100 ml luciferin “flashmix™ containing 470 mM luciferin, 20 mM
tricine, 1.07 mM  (MgCO4)Mg(OH)2.5H,0, 2.67 MgSO,, 0.1 mM EDTA, 5 mM ATP, 2
mM DTT, pH 7.8 per well,

PEREtata-Luc in T47D cell line

Two days prior to transfection, T47D cells were plated at a density of 250 000 cells in 5
cm petridishes in 5 ml culture medium. Per dish, 18 mg pEREtata-Luc and 2 mg pGK-Hyg
was transfected using the calcium phosphate precipitation method described above. Cells
were incubated with transfection mixture for 8 hours, after which the medium was renewed.
The following day, the cells were trypsinized and plated over four 5 cm dishes per dish in
culture medium supplemented with 100 mg/ml hygromycin (selection medium). Clones were
allowed to grow for 10 days, during which time the sclection medivm was renewed every two
to three days. Dishes containing 10-15 large colonies were trypsinized for 1-3 minutes at
room temperature. Individual clones were resuspended in 2 ml medium and added to 24 well
plates containing 2 mi selection medium. Smaller clones were left an extra 2 weeks to grow
and isolated in the same manner. To test for luciferase induction, confluent 24 wells were
trypsinized and one 96 well per clone was seeded in culture mediuvm and incubated for 24
hours. Non-transfected T47D cells were used as control. Medium was removed and cells were
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lysed in 55 ml triton-lysis buffer containing 1% triton X-100, 25 mM glycylglycin, 15 mM
MgSO,, 4 mM EGTA (pH 7.8) and 1 mM DTT. A 50 ml portion of cell lysate was
transferred to a black 96 well plate (Packard) to which 50 ml luciferine substrate (LucLite
reporter gene assay Kit, Packard) was added. Luciferase activity was measured in a
scintillation counter (Packard Top Count) for 0.1 minute per well.

ER-CALUX assay procedure

T47D cells stably transfected with pEREtata-Luc from the most responsive clone were
plated in 24 well plates at a density of 50 000 cells in 0.8 ml DF without phenol red + 5%
DCC-FCS (assay medium) per well or in black 96 well viewplates (Packard) at a density of
5000 cells per well in 0.1 ml assay medium. Following 24 hours incubation, cells were
approximately 50% confluent. Assay medium was renewed and the cells were incubated
another 24 hours. The medium was then renewed again and the cells were dosed in triplicate
in 24 well plates by direct addition of the chemical to be tested dissolved in ethanocl or DMSO
to the medium above cells. For 96 wells plates, assay medium containing chemicals was first
prepared in 0.8 ml assay medium in 48 well plates, mixed well, and transferred to the
microtiter plate at a volume of 0.1 ml per well. In addition to one E2 standard curve in
triplicate per experiment, control wells, solvent control wells and E2 calibration points (6 pM
and 30 pM) were included in triplicate on each plate. The maximum solvent concentration
used was 0.2%. Cells were dosed for 24 hours prior to luciferase measurement. For 24 well
plates, medium was removed, and the cells were lysed in 100 ml triton-lysis buffer. Lysis was
carried out by gentle shaking at 4°C for a minimum of one hour. A 50 ml sample of the cell
lysate was then transferred to a black 96-well plate, S0 ml luciferin substrate was added and
the luciferase activity was assayed in a scintillation counter for 0.1 minute per well. For 96
well viewplates, 50 ml LucLite was added directly to the medium above cells and the plates
were shaken gently for 10 minutes at room temperature to stimulate cell lysis. The transparent
bottom of the viewplates was covered by a black sticker prior to luciferase measurement in a
scintillation counter (Packard Top Count).

Potential cytotoxicity of pseudo-estrogens was controlled by microscopic visualization of
the cells. In addition, a “CytoLite” (Packard) luminescent, non-separation assay kit for the
determination of viable cell numbers was used according to manufacturer’s specifications in
black 96-well viewplates. T47D.Luc cells were seeded and exposed to pseudo-estrogens in
the same manner as outlined in the ER-CALUX assay procedure.

Data and statistical analysis

To determine the EC50 and detection limit of E2 in the ER-CALUX assay, a complete
standard curve was included in each assay. The standard curve was fitted (sigmoidal fit,
function: y=agta/{1+exp(-(x-a,)/a1)) using SlideWrite 3.0 for Windows, which determines
the fitting coefficients by an iterative process minimizing the c2 merit function (least squares
criterion). The EC50 for E2 and pseudo-estrogens was calculated by determining the concen-
tration at which 50% of the maximum luciferase activity was reached using the sigmoidal fit
equation. The detection limit was calculated as the luciferase activity clicited by the solvent
control plus three times the standard deviation.
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In order to determine estradiol equivalents (EEQs), the luciferase response by (combinati-
ons of) pseudo-estrogens was interpolated in the linear range of the corresponding E2
standard curve for the same assay. Data shown are representative of a minimum of two
independent assays. Statistical analysis was performed on luciferase activity by combinations
of pseudo-estrogens as compared to the arithmetic sum of luciferase activity by individual
compounds using ANOVA (0=0.01) in SPSS Version 6.0 for Windows. Standard deviation
around the arithmetic sum was calculated by taking the square root of the pooled variance of
the luciferase activity by the two individual compounds.

Results

Stable transfection of reporter genes in ECC-1, MCF-7 and Hepa cell lines

Following transfection of the pEREtata-Luc reporter gene plasmid in ECC-1 cells and
selection with puromycin, 23 luminescent clones were identified using the single photon
counting camera, However, exposure of these clones to 10 nM E2 resulted in no inducible
luciferase activity. Luciferase expression in the clones appeared to be constitutive. Similar
results were obtained with Hepa.lclc7 cells transfected with the chimeric receptor and
reporter gene constructs pGal4-HEGO and pl7m35-G-Luc and selected with G418. Fifteen
luminescent clones were identified with the photon-counting camera, of which only one
demonstrated estradiol-inducible luciferase expression. This clone showed a 5-fold increase in
luciferase activity relative to background following 24 hour exposure to 10 nM E2. In subse-
quent assays, however, luciferase activity decreased to three times control levels, suggesting
that integration was unstable (data not shown). In Hepa cells transfected with pGal-HEGO
and pl7m5-G-neo-Luc, all 12 luminescent clones showed constitutive, estradiol-independent
luciferase expression. Three separate attempts to stably transfect the chimeric constructs in
MCF-7 cells with different concentrations of G418 selection resulted in the formation of
unstable clones which ultimately died.

Stable transfection of pEREtata-Luc in T47D cells

A total of 72 T47D clones were isolated and tested for luciferase expression by
comparison of activity (without estradiol stimulation) relative to non-transfected cells. Using
this method, 28 clones were identified with luciferase expression more than 10-fold induction
relative to non-transfected cells. Of these 28 clones, 22 were further characterized according
to the ER-CALUX assay methed in 24 well plates with exposure to 1 nM estradiol. Nine
clones were found with greater than 10-fold induction relative to control. Clone ERE.Luc
number 42 showed the highest induction and was used for further experiments with the ER-
CALUX method.

ER-CALUX assay with stably transfected T47D cells

Stable transfection of the pEREtata-Luc contruct in T47D cells resulted in a sensitive,
highly responsive cell line for the assessment of compounds with (anti-Jestrogenic activity.
As illustrated in Figure 1, using the ER-CALUX assay with T47D.Luc cells, substances can
be tested for (anti-)estrogenicity based on their specific estrogen receptor mediated mecha-
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nism of action. Upon entering the T47D.Luc cell, substances with estrogenic activity will bind
to the endogenous estrogen receptor and activate the receptor. The activated receptor dimer
subsequently binds to estrogen response elements (EREs) upstream of the luciferase gene,
leading to recruitment of transcription factors to the promoter and ultimately to luciferase
gene expression (Figure 1).

Response to estradiol

The sensitivity and responsiveness of the ER-CALUX assay with the stably transfected
T47D ERE.Luc 42 clone (T47D.Luc cells) was assessed by measuring the luciferase activity
induced by E2 compared to solvent control over a period of 9 months in cells ranging from
passage 9 to 48. Exposure of T47D.Luc cells to estradiol for 24 hours resulted in dose-respon-
se related luciferase induction as measured in both 24 well plates and 96 well plates (Figure
3). In 24 well plates, averaged over 15 assays, 102 (£76) fold maximum induction relative to
control was reached at 30 pM E2. A detection limit of .5 (£0.1) pM and an EC50 of 5.5
(x1.8) pM was calculated. Using 96 wells plates, a similar EC50 and detection limit was
measured in 6 experiments, though maximum induction at 30 pM E2 relative to control was
less than in 24 well plates (average 76 (z 31) fold). No clear reduction in luciferase activity
over prolonged periods of cell culture was found, demonstrating stable integration of the
luciferase gene.
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Figure 3: Luciferase induction by estradicl relative to solvent control in the ER-CALUX
assay with T47D cells stably transfected with pEREtata-Luc plated in 24 (solid circles) or 66
{open circles) well plates. Cells were treated with estradiol for 24 hours (n=3, avg £ std).
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Response to other steroids and refinoic acid

Because the T47D cell line expresses other hormone receptors, such as progesterone,
androgen and retinoic acid receptors, we determined the potential effects of other endogenous
ligands on the estrogen receptor mediated luciferase response. Luciferase activity in
T47D.Luc cells was determined following 24 hour treatment with a synthetic progestin (Org
2058), synthetic androgen (R1881) and retinoic acid. No luciferase activity was found by
these ligands when tested in concentrations ranging from 1 pM to 10 nM (data not shown).

Response to anti-estrogens

Exposure of T47D.Luc cells to the pure anti-estrogen ICI 182,780 and the Ah receptor
agonist TCDD at concentrations ranging from 0.01 to 1000 nM resulted in luciferase activicy
equal to or slightly less than control values (Figure 4). When tested in combination with the
EC59 value (6 pM E2), ICI 182,780 completely inhibited luciferase activity at concentrations
at or above 1 nM. TCDD was a potent antagonist when co-administered with 6 pM E2, as a
concentration as low as 10 pM inhibited luciferase activity by 50% (Figure 4). Exposure of
cells to tamoxifen alone at lower concentrations (< 100 nM) resulted in no luciferase activity,
though tamoxifen was slightly estrogenic at 100 and 1000 nM (about 10% activity relative to
6 pM E2) (Figure 4). Tamoxifen was far less anti-estrogenic when tested in combination with
E2 than ICI 182, 780, as concentrations above 100 nM were necessary to inhibit the E2-
induced luciferase response by abowt 90%.
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Figure 4: Luciferase activity (%) of anti-estrogens relative to estradlol (E2, § pM) in the
ER-CALUX assay. T47D.Luc cells were treated for 24 hours with tamoxifen (triangles), ICI
182,780 (circles) and TCDD (diamonds). Anti-estrogens were tested with (solid lines) or
without (dashed lines) co-administration of 6 pM E2 (n=3, avg + std).
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Response to pseudo-estrogenic compounds

The specificity of the ER-CALUX assay was determined by testing the luciferase activity
induced by a number of compounds previously shown in other in vitro assays to be estro-
genic. These compounds were also estrogenic when tested in T47D.Luc cells (Table 1).
Genistein, nonylphenol and o,p’DDT were the most potent pseudo-estrogens tested (EC50
100, 260 and 660 nM, resp.) (Table 1). With the exception of dieldrin and methoxychlor, ali
compounds tested at concentrations above 30 uM demonstrated cytotoxic effects (data not
shown). The organochlorine pesticides tested induced luciferase in a dose-response related
manner {Figure 5). A number of compounds, including nonylphenol, genistein, o,p’DDT,
methoxychlor and bisphenol A, showed maximum luciferase activity exceeding that of
estradiol at 30 pM, though at concentrations 3000 - 300000 times that of estradiol (Table 1).
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Figure 5: Luciferase induction (%) of pesticides relative to 30 pM estradiol (E2) in
the ER-CALUX assay. T47D.Luc cells were treated for 24 hours with o,p’DDT (DD},
chlordane (CH), endosulfan {EN), dieldrin (DL) and methoxychlor (MX) (n=3, avg + std).

Combination effects of psendo-estrogens

Pseudo-estrogenic compounds were tested in combination with a low concentration of E2
(3 pM) in order to determine potential interactive effects when tested in mixtures (Figure 6).
All combinations tested showed additive luciferase activity, i.e. not significantly different
than the arithmetic sum of the compounds tested individually., To determine interactive
effects, the pseudo-estrogens endosulfan, dieldrin and chlordane were also tested together at
concentrations eliciting luciferase activity within the lower linear range of the estradiol
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‘Table 1: Potency of (pseudo-)estrogens relative to estradiol following 24 hour treatment
in the ER-CALUX assay with T47D.Luc cells

Max.
Relative Relative  effect % effect

LOEC* potency" ECS50° potency’ conc. rel. to

(nM) {LOEC) (nM)  (EC50) (nM)y* estradiol’
Natural hormone:
Estradiol 0.0005 0.006 1 0.030 100
Pesticides:
o,p’-DDT 100 5E-6 660 9.1E-6 10000 168 2.0)
Methoxychlor 600 B8E-7 5720 1.0E-6 30000 167(12.9)
Dieldrin 1000 S5E-7 24490 24E-7 60000 104 (i11.8)
Endosuifan 1000 SE-7 5920 1.0E-6 10000 59(2.6)
Chlordane 1000 5E-7 6240 9.6 E-7 10000 52(4.5)
Industrial
chemicals:
4-nonylphenol 100 5E-6 260 23E-§ 1000 135(1.3)
bisphenol A 100 SE-6 770 T8 E-6 10000 153 (2.3)
Phytoestrogen:
genistein 100 5E-6 100 6.0E-5 1000 127 (2.4)

* jow effect concentration; test concentration at which estrogenic effect is detected
® ratio between dose of compound and that of estradiol needed to achieve an estrogenic effect
© concentration at which 50% of maximum luciferase activity is reached
4 ratio between EC50 of compound and EC50 of estradiol

* concentration at which maximum estrogenic effect is detected

" Per cent luciferase activity (standard deviation) at concentration eliciting maximum estrogenic effect

relative to 30 pM estradiol
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standard curve (between 1 and 6 pM E2 equivalents). The combination of endesulfan with
dieldrin at concentrations between 3 and 6 pM resulted in luciferase activity showing more
than additive interaction. The luciferase activity elicited by these combinations significantly
exceeded the arthmethic sum of their individual luciferase activity, though by a factor of less
than 2 (Figure 7). At 7 and 8uM, the interaction between endosulfan and dieldrin was additive
or slightly less than additive (Figure 7). The combination of endosulfan and chlordane tested
at concentrations between 3 and 5pM resulted in additive luciferase activity (Figure §). When
combined at concentrations higher than their individual EC50 values (6 to 8 pM), luciferase
activity was less than additive (Figure 8).
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Figure 6: Interactive estrogenic activity of environmental chemicals with estradiol (E2)
in the ER-CALUX assay. T47D.Luc cells were exposed for 24 hours to envircnmental
chemicals with (striped bars) or without (open bars) co-administration of 3 pM E2. Double-
striped bars show the arithmetic sum of |luciferase activity obtained by adding the induction by
the individual compound with induction elicited by 3 pM E2. o,p'DDT (DDT) and 4-
nonylphenol (NP} were tested at a concentration of 200 nM. Methoxychlor (MX) was tested at
a concentration of 2 uM. Chlordane (CH), dieldrin (DL} and endosulfan (EN) were tested at a
cencentration of 4 uM (n=6, avg < std).
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Figure 7: interactive effects of mixtures of the pseudo-estrogens endosulfan (END) and
dieldrin (DLD} in the ER-CALUX assay. T47D.Luc cells were treated with individual and
combipations (COMB) of environmental estrogens. Double-striped bars on the right show the
arithmetic sum (SUM) of luciferase activity obtained by adding the induction elicited hy the
individual compounds. {n=6, avg + std, *significantly higher than arithmetic sum, p<0.01).

Discussion

Stable transfection in ECC-1, MCF-7 and Hepa cell lines

Attempis to stably transfect the pEREtata-Luc construct in ECC-1 cells, as well as the
chimeric Gal4-HEGOQ/17m5-G-Luc constructs in Hepa.lclc7 and MCF-7 cells resulted in
constitutive, non-estradiol-inducible luciferase expression. Jausons-Loffreda and co-workers
also reported some hormone-independent luminescent clones after stable tranfection of
chimeric Gal4 constructs in Hela celis (Jausons-Loffreda ef al., 1994). The reasons for these
constitutive clones are not clear, but may be due to events during integration resulting in a
mutation in the promoter region of the luciferase gene, or influence of promoters around the
integration site, causing constitwtive, E2-independent luciferase expression. Only one Hepa
clone stably transfected with GaldHEGQ/17m5-G-Luc demonstrated estradiol-inducible
luciferase activity, though this induction decreased in subsequent assays, indicating instability
of the clone. Subculturing of this clone could result in clones with a more homogeneous
population of luciferase-expressing cells.
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Figure 8: Interactive effecis of mixtures of the pseudo-estrogens endosuifan (END) and
chlordane (CHL) in the ER-CALUX assay. T47D.Luc cells were treated with individual and
combinations (COMB) of environmental estrogens. Double-striped bars on the right show the
arithmetic sum (SUM) of luciferase activity obtained by adding the induction elicited by the

individual compounds {n=6, avg + std, EC50 endosulfan: 5920 nM; EC50 chlordane: 6240
nM).

ER-CALUX assay in stably transfected T47D cell line

Stable transfection of the pEREtataLuc construct in T47D cells resulted in a sensitive,
highly responsive cell line for the screening of compounds with (anti-)estrogenic activity.
Estradicl concentrations as low as 0.5 pM were detected and an EC50 of 6 pM was found
following 24 hour exposure to estradiol. The assay is also highly responsive, as luciferase
induction in 24 well plates by 30 pM E2 resulted in about 100 fold relative to solvent controls.
The assay appears also to be specific for estrogens, as other endogencus ligands tested, such
as a synthetic progestin and androgen, and retineic acid, did not induce luciferase activity,
Anti-estrogenicity of substances such as ICI 182,780 and tamoxifen could be demonstrated by
measuring inhibition of luciferase induction with co-administration of estradiol. The
prototypical Ah receptor agonist TCDD was also a potent anti-gstrogen when measured in the
ER-CALUX assay. These results are consistent with previous studies which demonstrate the
anti-estrogenicity of TCDD in breast cancer cell lines, likely due to the complex cross talk
between the AhR and ER signal transduction pathways (reviewed by Safe, 1995).
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Response of pseudo-estrogens

A number of (psendo-)estrogenic compounds were tested individually and in combination
in order to determine their potency in the ER-CALUX assay. The phyto-estrogen genistein,
nonylphenol and the pesticide o,p’DDT were the most potent of the pseudo-estrogens tested.
The environmental estrogens demonstrating induced luciferase activity in the ER-CALUX
assays have also been previously shown to be estrogenic in both ir vive and in vitro assays: 4-
nonylphenol (Soto er af, 1991; Jobling and Sumpter, 1993; White et al., 1994), o0.p’DDT
(Bitman, 1969, Fry and Toone, 1981, Klotz et al., 1996), methoxychlor (Gray et al., 1989,
Schlenk et al., 1997), endosulfan (Arnold ef af., 1996), dieldrin (Haake et af., 1987) and
chlordane (Cranmer ef al,, 1984). Comparison of the potency values relative to estradiol
shows that in general, lower potency values for environmental estrogens are calculated in the
ER-CALUX than demonstrated with other ER-mediated reporter gene assays, such as trans-
ient transfections of ERE-reporter genes in HeLa and MCF-7 cells (Table 2). However, this
factor 10-10¢ fold difference in potency could be explained by the differences in estradiol
concentrations required to produce a maximal response. For the ER-CALUX assay, maximum
luciferase induction is reached at 30 pM E2. For other assays, estradiol concentrations ranging
from 1 nM (Shelby ez al., 1996) to 10 nM (White ef al., 1994} are used for calcylation of
relative potency. ER-CALUX relative potency values correlate well with those reported in
MCF-7 cell proliferation assays, in which a maximum E2 effect concentration of 10-30 pM is
also found (Soto e al., 1992; 1994; 1995).

Interestingly, when tested at high concentrations (> 1000 nM), a number of compounds
such as genistein, nonylphenol, bisphenol A, o,p’ DDT and methoxychlor elicited luciferase
induction higher than that of the maximum induction by estradiol (Table 1). In a screening of
estrogenic compounds using a recombinant yeast strain, Routledge and Sumpter also reported
that exposure to both the genistein and the alkylpheno! 4-tert-octylphenol resulted in higher
reporter gene activity than by estradiol (Routledge and Sumpter, 1997). The mechanism of
this super-agonism is not clear, but may be due to stimulated receptor and/or co-activation
factor renewal by pseudo-estrogens, or effects on luciferase stability.

When tested in combination with 3 pM E2 in the ER-CALUX assay, all test compounds
showed additive luciferase activity (Figure 6). However, when the pseudo-esirogens
endosulfan, dieldrin and chlordane were tested in combination in the ER-CALUX assay, the
resulting interaction was not consistently additive. The combination of dieldrin with
endosulfan resulted in luciferase activity slightly more than additive, though significantly
higher, than the arithmetic sum of the individual compounds (Figure 7). The combination of
endosulfan and chlordane was additive at the lower concentrations tested (3 to 6 uM). Gaide
and coworkers have also reported the additive effects of endosulfan and chlordane when
tested in combination in a yeast estrogen screen (Gaido et @f,, 1997). Less than additive
luciferase induction by the combination of endosulfan and chlordane was observed at higher
concentrations {7 and 8 pM) (Figure 8). However, these concentrations were higher than the
EC50 level of the individual compounds, so it is not surprising that the arithmetic sum of their
individual activities was higher than activity elicited by the combination. These results
indicate that weak environmental estrogens may act cumulatively and further research is
warranted in the in vivo effects of mixtures of pseudo-estrogens.
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Table 2: Potency values for maximum effect concentrations of (pseudo-)estrogens vela-
tive to estradiol according to in vitro assays for estrogenicity

Relative

Compound Assay Potency Reference
o,p’DDT ER-CALUX 3E-6

transient transfection MCF-7 1E4 Klotz et al., 1996

E-SCREEN 1 E-6 Soto eral., 1994
methoxychlor ER-CALUX 1 E-6

transient transfection HeLa cells 0 Shelby et al., 1996
dieldrin ER-CALUX SE-7

E-SCREEN 1 E-6 Soto et al., 1994
Endosuifan ER-CALUX 3E-6

transient transfection HeLa cells 0 Shelby er al., 1996

E-SCREEN 1 E-6 Soto et al., 1994
4-nponyl- ER-CALUX JE-5
phenol transient transfection HeLa cells 1 E-3 Shelby et al., 1996

transient transfection MCFE-7 1E-3 White et ai., 1994

E-SCREEN 3E-6 Soto et al., 1992
genistein ER-CALUX 3E-5

E-SCREEN 1 E4 Mayr et al., 1992
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Comparison ER-CALUX with other in vitro assays

To our knowledge, in comparison to other recombinant receptor and/or reporter gene
assays using stably or transiently transfected mammalian cells, the ER-CALUX assay is the
most sensitive and responsive stably transfected estrogen-responsive cell line in existence
(Table 3). The sensitivity and specificity of the ER-CALUX assay may be explained in part
by the use of a minimal E;B promoter {TATA box only) in the pEREtata-Luc construct.
Enhancer and promoter regions are absent in this minimal promoter. Other promoters used in
response ¢lement-regulated reporter genes generally consist of several hundred base pairs of
5’ flanking regions which may cause higher background activation levels (Cavailles er al,,
1988; 1989). Also, the vigorous serum stripping method used may contribute to the low
background levels in the ER-CALUX assay, The presence of serum-borne estrogens can
result in high constitutive reporter gene activity and can be demonstrated by assessing the
ability of anti-estrogens to reduce background levels (Bendy and Zacharewski, 1993). In the
ER-CALUX assay, ICI 182,780 at concentrations up to 100 nM did not significantly
antagonize bacground luciferase activity, demonstrating that serum-borne estrogens were very
low. The ER-CALUX assay procedure was also optimized to ensure the lowest possible
background levels. Cells are plated 2 days prior to exposure with a medium renewal step on
the second and third day. These medium renewal steps reduced background levels of serum-
borne estrogens by a factor of 2 (data not shown).

The high responsiveness of the ER-CALUX assay may be due in part to the choice of the
cell line. The T47D cell line appears to provide the cellular environment, such as high estro-
gen receptor levels and the availability of transcription factors, necessary for gene transcrip-
tion. The presence of both ERc and ERP subtypes in T47D ceils has been confirmed using
RT-PCR (Dotzlaw et al., 1996). Estrogen receptor levels in the cytosol of T47D cells have
been reported to be 67.6 £ 6.2 fmol/mg cytosol protein (Watanabe ef al., 1990). The use of an
enhanced luciferase reporter gene which was modified for optimal transcriptional activity in
transfected cukaryotic cells (Sherf and Wood, 1994) may also have contributed to higher
induction values. Comparison of EREtata constructs with enhanced vs normal luciferase in
transient transfections in the 293 human embryonic kidney cell line showed a factor 5
increase in fold induction (data not shown).

The use of the ER-CALUX assay in stably transfected T47D.Luc cells offers many advan-
tages in comparison to other in vitro bioassays for assessing estrogenic substances, such as
transient transfections of reporter gene constructs, veast based assays and cell proliferation
assays. The ER-CALUX assay is rapid and simple, and detection in microtiter volumes is
possible, allowing for qualitative and quantitative assessment of luciferase induction in a high
throughgput setup, Compared to transient transfections of estrogen-responsive reporter genes,
the ER-CALUX assay is less cumbersome and time consuming, as it is not necessary to
transfect DNA for each experiment. Problemns with differences in quality of DNA and
changes in luciferase activity due to cell culture conditions found with transient transfections
{Zacharewski, 1997} are therefore avoided. A number of yeast-based assays have been
developed to assess estrogenic substances which are very sensitive and responsive (Amnold er
al., 1996; Routledge and Sumpter, 1997). Unlike the ER-CALUX assay, however, lack of
antagonism of ER-mediated reporter gene expression by anti-estrogens has been demonstrated
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